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Supervisor:  Richard M. Crooks 
 
We report a new and general approach that will be useful 
for adapting the method of electrocatalytic amplification 
(ECA) to biosensing applications. In ECA, individual 
collisions of catalytic nanoparticles with a noncatalytic 
electrode surface lead to bursts of current. In this 
dissertation, the current arises from catalytic 
electrooxidation of N2H4 at the surface of platinum 
nanoparticles (PtNPs). As described in Chapter 1, the problem 
with using ECA for biosensing applications heretofore, is 
that it is necessary to immobilize a receptor, such as DNA 
(as in the case here) or an antibody on the PtNP surface. 
This inactivates the colliding NP, however, and leads to very 
small collision signatures. In this work, we show that 
oligonucleotides bound on the PtNP surface can be detected 
using ECA following enzymatic digestion.  
Chapter 2 demonstrates the proof-of-concept of this 
general approach using ssDNA-modified PtNPs and Exonuclease 
 vii 
I (Exo I), an enzyme specific to ssDNA. After PtNPs were 
passivated with ssDNA, we show that the presence of this DNA 
can be detected by selectively removing a fraction via 
enzymatic cleavage. About half of the electrocatalytic 
current is recovered from the PtNPs on both Au and Hg 
microelectrodes.  
In Chapter 3, we show the application of this enzyme 
approach for the specific detection of microRNA (miRNA). The 
targets are miRNA-203 and miRNA-21, miRNAs of interest for 
cancer biomarker detection. PtNPs were modified with ssDNA 
complementary to the target, incubated with the miRNA, and 
the ssDNA was cleaved by Duplex Specific Nuclease (DSN). This 
exposes the PtNP surface for ECA, and the signal frequency 
is correlated to concentration of miRNA. 
Chapter 4 introduces a technique whereby ECA signals are 
manipulated via electrostatic interactions by modifying the 
surface of Au microelectrodes with polyelectrolyte multilayer 
films (PEMs). We demonstrate that it is possible to control 
the frequency of the collisions by manipulating the net 
electrostatic charge on the outer surface of the PEM film, 
and that electrons are able to tunnel from the PtNPs to the 
electrode through films of thicknesses up to 5 nm. These 
results set the stage for future sensing applications. 
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Chapter 1: Introduction 
1.1 ELECTROCHEMICAL DETECTION OF PARTICLE COLLISIONS 
The study of observing and characterizing the chemical 
behavior of individual nanometer-sized particles on a surface 
is relatively recent, less than 30 years old,
1,2
 and the bulk 
of the work since then has been carried out using spectroscopy 
and scanning probe microscopy.
3
 It is only within the last 15 
years that electrochemical work has been published, the first 
study being that of liposome particles colliding with Hg 
electrodes in 2002 by Scholz.
4-6
 Two years later Lemay and 
coworkers observed collisions between individual micron-
scale, carboxylated latex spheres and an electrode surface 
arising from partial masking of the electroactive area of the 
electrode by the insulating spheres.
7
 The general scheme of 
their experiment is shown in Illustration 1.1. 
 
Illustration 1.1: Electrode blocking by microbead 
collisions 
 2 
In this experiment, they poised the potential of an Au 
microelectrode at the steady-state oxidation of FcMeOH and 
recorded the current as a function of time (i-t). When the 
beads struck the electrode, they blocked a portion of the 
working electrode, causing a decrease in current in the i-t 
trace in the form of ‘‘steps’’. The group also noted that 
bead flux, or the amplitude of these ‘‘steps’’, was 
proportional to the limiting current. Using this technique, 
individual bead collision events at an electrode interface 
could be detected in real-time.  
 
1.2 ELECTROCATALYTIC AMPLIFICATION OF NANOPARTICLE COLLISIONS 
An alternative technique, which is the focus of this 
dissertation, involves purely electrochemical means of 
detecting single catalytic metal nanoparticles as they 
collide with an inert electrode. This approach, named 
electrocatalytic amplification (ECA), was first pioneered by 
the Bard group.
8
 They have extensively studied the fundamental 
science of this real-time particle detection system.
3,8-21
 The 
basic principle behind these experiments involves poising a 
micro-scale ultramicroelectrode (UME) at a potential at which 
little faradaic current flows when recording a 
chronoamperometric trace (i-t). Typically, there is a redox 
probe in solution, chosen such that the electrode material 
 3 
is inert for the particular reaction. When nanoparticles 
(NPs) that exhibit catalytic activity for the reaction are 
introduced into solution, they collide with the electrode and 
facilitate electrode transfer through the interface, driving 
the redox reaction on the surface of the NP. These bursts of 
current are detected on the i-t trace as individual current 
transients. Illustration 1.2 shows a scheme of this system. 
 
 
Illustration 1.2: Electrocatalytic Amplification on Au and 
C UMEs and resulting current response  
In particular, this work will focus on developing the 
ECA platform for sensor applications with N2H4 oxidation as 
the redox probe, PtNPs as the catalytic NPs, and Au and Hg-
 4 
modified UMEs as our inert electrodes. Illustration 1.2 shows 
the typical current response when PtNPs strike the electrode. 
The PtNP adsorbs onto the surface, producing a ‘‘step’’-like 
current transient. These collision events are characterized 
by the amplitude of the step. The theoretical current 
amplitude generated by spherical NPs at a planar electrode 
is given by equation 1.1.9 
I=4π(ln2)nFDCr (1.1) 
Where D is the diffusion coefficient of the redox 
molecule at concentration C, n is the number of electrons 
participating in the redox reaction, F is Faraday’s constant, 
and r is the radius of a single NP. This current is 
proportional to the size of the NPs, and thus, by compiling 
the sizes of collision events observed, ECA has proved to be 
an effective technique for rapid size screening of NP 
samples. Additionally, the technique is sensitive. Metal NPs 
can easily be detected at pico-, femto-, and even attomolar 
concentrations. Another unique advantage of this technique 
is that NPs can be detected in real-time, providing valuable 
information about their mass transport.  
In addition to the Au UME/Pt NP/N2H4 system, a number of 
other combinations of redox species (N2H4, BH4
-
, H2O 
(oxidation), H2O2, and H
+
), and electrode materials (C, Au, 
Pt, Pt-O) have been identified that yield signatures of 
collisions.
3
 The Unwin group has shown that collisions can be 
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observed on surface oxide-covered Au UMEs with Au NPs, either 
by direct oxidation of the NPs, or with an ECA setup.
22
 
The Compton group has also published numerous works 
studying NP collisions.
23-33
 Their research focus has been 
primarily to demonstrate and obtain an understanding of NP 
collisions using direct electrodeposition
24,30
 and 
electrodissolution
32
 of metals. Notably, they developed a 
technique in which AgNPs were directly oxidized into ions, 
yielding sharp current transients corresponding to direct 
faradaic current.
32
 They have also tagged NP surfaces with 
redox probes, and studied the impacts that result from these 
electroactive groups to gain information such as NP 
porosity.
33
 The Wolfrum group
34
 developed an on-chip sensor 
for detection of AgNPs at subpicomolar concentrations using 
a microelectrode array. The AgNP direct oxidation system also 
has the advantage of being viable under non-aqueous 
conditions, such as in ionic liquid solutions.
35
 Recent 
insight from the White group has suggested that these AgNP 
oxidations occur in several temporally resolved and discrete 
event, as evidenced by their analysis of multipeak behavior.
36
  
 
1.3 DEVELOPMENTS IN MASS TRANSPORT OF PARTICLES 
One of the main challenges in achieving low limits of 
detection via stochastic electrochemical particle detection 
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is transport of these particles to the electrode surface. In 
the pioneering work of Bard on metallic nanoparticles
8
, the 
particles in the system were limited by diffusion-controlled 
mass transport. Studies on insulating bead experiments, 
however, first by Lemay
7
 and later Bard,
37
 showed that 
decreasing the concentration of electrolyte, and thus 
introducing electrophoretic migration into the transport 
dynamics, increased the frequency of bead collisions. This 
is because in both studies, the beads carried an overall net 
negative charge on the surface. The Bard group also used 
COMSOL modeling to confirm their experimental results. We 
later expanded on these studies by demonstrating correlated 
electrochemical and optical tracking of these bead collision 
events.
38
 We found that larger collision signals are produced 
when beads adsorb nearer to the edge of the electrode, rather 
than the center. This is because the diffusive flux of the 
redox probe, FcDM, is blocked at the edges of the UME, because 
a disk UME is not uniformly accessible. Illustration 1.3a 
shows the setup for this experiment, where an electrochemical 
cell is positioned atop a microscope objective that is 
focused on the surface of the electrode. When a fluorescent 
bead strikes the electrode, it adsorbs and blocks an active 
site (Illustration 1.3b) and causes a step-like decrease in 
current (Illustration 1.3c). 
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Illustration 1.3: Scheme showing experimental setup for 
correlated electrochemical and optical tracking 
of microbead collisions 
 Electromigration is also a viable form of mass 
transport for conductive PtNPs, with collision frequencies 
increasing as negatively-charged citrate-capped PtNPs are 
attracted to the electrode via electric field.
12
 
Another method of increasing the rate of mass transport 
is the use of magnetism. Using magnetic iron oxide microbeads 
to block oxidation of ferrocenedimethanol, we demonstrated a 
higher frequency of collision events in a microfluidic device 
by positioning a magnet beneath the working electrode.
39
 Using 
this setup, we achieved sub-attomolar levels of detection, 
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four orders magnitude lower than previous reports. We then 
extended this system to detect composites consisting of 
magnetic microbeads conjugated to AgNPs via hybridized DNA 
strands at a magnetized Ni microelectrode.
40
 Notably, this 
work was based on detecting the dissolution of AgNPs rather 
than the blocking nature of insulating beads.  
The link between magnetic enrichment of microparticles 
and that of NPs was further established by the development 
of hybrid magnetic/catalytic NPs by the Stevenson and Crooks 
groups.
41
 Here, they synthetic protocol that incorporated a 
magnetic core (Fe3O4 nanoparticles) decorated with catalytic 
Pt on the surface. These hybrid Fe3O4/Pt NPs exhibited 
catalytic activity for ECA using the N2H4 indicator reaction, 
as well as higher frequencies due to magnetic enrichment in 
a microfluidic device.   
 
1.4 ELECTRODE MATERIALS 
As discussed previously, the first ECA experiments used 
Au and C UMEs as the working electrode. We chose to use Au 
UMEs to conduct our studies because Au UMEs were found to be 
more reproducible and simpler to electrochemically clean via 
voltammetric cycling when compared to C UMEs. When PtNPs 
collide with the Au surface, they adsorb and form a 
‘‘staircase’’ like response: the overall current in the i-t 
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trace increases with successive oxidation events, and each 
collision event yields a step-like current transient.
3
 We 
have found, however, that introducing PtNPs to DNA-based 
assays yields collision signals that are difficult to 
resolve, with signals superimposed on each other and shifting 
baselines.
42
 
To address this challenge, experiments were also 
performed on Hg-modified UMEs. The use of this type of 
electrode material for ECA collisions was first demonstrated 
by the Stevenson group.
43-45
 They demonstrated PtNP collisions 
due to N2H4 oxidation on Hg-modified Pt UMEs (Hg/Pt UMEs). 
When PtNPs come in contact with the Hg surface, Hg poisons 
Pt, deactivating the catalytic activity of the Pt for N2H4 
oxidation. As a result, the current transients from these 
collision events yield a sharp, ‘‘spike’’-like response. 
These transients also decay rapidly to a steady baseline, 
suppressing the background current by two orders of magnitude 
when compared to Au UMEs. They also yielded increased signal-
to-noise ratio for individual collisions. The scheme for this 
system, along with the typical current response showing 
‘‘spike-like’’ transients, is shown in Illustration 1.4. 
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Illustration 1.4: ECA Collisions on Hg-modified Pt UMEs and 
resulting current response 
Interestingly, both types of current responses have been 
observed on Ni UMEs.
46
 The current response was dependent on 
the applied potential, with ‘‘staircase’’ collisions 
occurring at 0 V (vs Ag/AgCl), and the deactivating ‘‘blip’’ 
collisions occurring at 0.1 V.  Although the exact mechanism 
of PtNP deactivation is not yet known, these studies suggest 
that it may be caused by a reaction product. 
Recently, nanoelectrodes have also been investigated for 
their functionality as ECA electrodes.
47,48
 Nanoelectrodes 
offer the advantage of extremely low background current, as 
well as the ability to immobilize and study the 
electrocatalytic behavior of a single nanoparticle.  
 11 
An alternative method of lowering the background current 
of an electrode is to modify the surface with a passivating 
film. A technique which involves modifying Au UMEs with a 
self-assembled monolayer (SAM) and polyelectrolyte 
multilayer films will be discussed in this dissertation, in 
Chapter 4. Immobilizing an insulating layer on conductive 
UMEs allows researchers to fine-tune the surface for specific 
properties, such as charge, as well as the electron transfer 
kinetics. The Bard group first reported passivating Pt UMEs 
with TiO2 films.
18
 The thickness of their films varied between 
1.0 and 2.2 nm, so any PtNPs that collide atop the film 
undergo electron transfer via tunneling. They used 
ferricyanide reduction as their redox indicator. The Unwin
49
 
group has also investigated the impact of surface chemistry 
on nanoparticle collisions using ferrocyanide oxidation. Au 
UMEs were modified with SAMs having different terminating 
groups:  OH
-
, COO
-
, and CH3. They found that using citrate 
capped AuNPs with a net negative charge yields a repulsion 
effect on electrodes modified with COO
---
-terminated 
alkanethiols.  
 
1.5 FUNDAMENTAL STUDIES OF METALLIC NANOPARTICLE IMPACTS 
The capability of being able to investigate 
nanoparticles ‘‘one-at-a-time’’ is a powerful tool for 
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fundamental studies, especially in the understanding of 
reaction mechanisms and kinetics. The Compton group, for 
example, conducted a comprehensive study on the kinetics of 
the hydrogen oxidation reaction, both on ensembles of 
dropcasted PtNPs and via PtNP collision experiments.
50
 They 
found that the kinetic rate constant obtained from collision 
events is faster than that at ensemble PtNPs. They also used 
this technique to study the lithium ion transfer kinetics in 
LiMn2O4 nanoparticles,
51
 something of valuable importance to 
the development of improved and safer lithium ion batteries. 
They determined that the rate-determining step at high 
overpotentials is the transfer of the cation at the NP-
electrolyte interface.  
One of the most exciting, state-of-the-art techniques 
to couple with amperometric detection of catalytic 
nanoparticles is that of fast scan cyclic voltammetry (FSCV) 
by the Zhang group.
52,53
 This technique enables one to obtain 
a transient voltammetric response for every individual 
collision event, providing rich information on catalytic 
activity. They employed this technique to extract kinetic 
constants for hydrazine oxidation on both Pt and AuNPs and 
also concluded that the capping agent on the NPs could play 
more of a part on reaction kinetics than crystallinity or 
surface orientation.  
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1.6 ELECTROCHEMICAL DETECTION OF SOFT PARTICLES 
‘‘Soft’’ particles, or particles of organic composition 
rather than metallic, are attractive targets for their 
ability to encapsulate redox-active targets and small 
biological molecules. Several platforms have been reported 
in the literature for collision-based electrochemical 
tracking of micelles,
54
 liposomes,
55,56
 emulsion droplets,
57-60
 
and polymer
61,62
 particles. The first report was Compton in 
2014, who reported nanoimpact experiments for C60 fullerene 
particles.
62
 This was also the first report to incorporate 
non-aqueous conditions for collision experiments. By poising 
an Au UME at the oxidative potential for fullerene, they were 
able to fully oxidize fullerene molecules diffusing to the 
electrode surface, yielding sharp ‘‘spike’’ signals 
corresponding to dissolution of the carbonaceous NPs. These 
findings were closely followed by a report investigating 
drug-encapsulating liposomes.
56
 Liposomes are attractive as 
effective delivery vehicles with a bilayer structure. To 
demonstrate their proof-of-concept model, they encapsulated 
vitamin C in liposomes and held C UMEs at the potential for 
vitamin C oxidation. They confirmed that the resulting 
current spikes were due to random collisions of the liposomes 
with the electrode surface. These liposomes then release 
vitamin C, which is then electro-oxidized.  
 14 
It is also possible to characterize and detect emulsion 
droplets, as shown by the Bard group.
58,59
 Rapid size 
characterization of these particles are of interest in many 
industrial applications, and the size of these particles 
affects the stability of the emulsion, optical properties, 
and rheology. They prepared emulsion particles containing 
hydrophobic redox molecules, such as ferrocene, and an ionic 
liquid, which can then collide with the hydrophilic UME 
surface to form a continuous aqueous phase. After these 
emulsion droplets collide, the redox molecules are 
electrolyzed, and a spike-type current profile is observed.  
The Chang group further expanded on this concept, presenting 
a platform in which they generated the emulsion droplets and 
electrochemically tracked their behavior in situ.
60
 
 
1.7 DETECTION OF BIOLOGICAL TARGETS 
As a sensing platform, impact experiments offer the 
possibility of detecting one target in solution, an advantage 
unique to the technique. In addition to high sensitivity, 
these experiments are simple and able to generate a signal 
in a matter of seconds. Therefore, there has been a great 
deal of recent interest in the development of collision-based 
biosensors.  
 15 
One of the first biosensors was reported by the Compton 
group,
63
 in which they labeled AgNPs with E. coli bacteria, 
forming agglomerates of multiple AgNPs on a single bacteria, 
and detected the presence of bacteria by tracking the 
oxidation of AgNPs. They did not begin recording i-t curves 
until 10 min after injection of AgNPs, ensuring that only the 
larger AgNP-E. coli agglomerates produced signal. They also 
extended this approach for the detection of influenza 
viruses,
64
 where they labeled single viruses with a high 
coverage of AgNPs. Compton also demonstrated direct detection 
of red blood cells using single entity electrochemistry, 
allowing for the ‘‘counting’’ of cells.65 The method relies on 
the catalytic activity of red blood cells towards the 
decomposition of hydrogen peroxide as well as surface-induced 
haemolysis. Each cellular collision event is expressed as a 
sharp increase in current that decays back to baseline within 
a few seconds.  
The Bard group has also published a number of papers 
demonstrating sensor platforms for biological targets using 
collision experiments.
66-68
 They first demonstrated that much 
like insulating microbeads, biomolecules such as proteins, 
antibodies, and DNA macromolecules effectively block active 
sites on an electrode.
66
 By holding the electrode at the 
limiting current for oxidation of ferrocyanide, they showed 
that these molecules also produce the characteristic 
 16 
‘‘stairstep’’ response associated with insulating beads of a 
similar size. This approach was then adapted to detection of 
single viruses.
67,68
 
  
1.8 ECA SENSORS FOR DNA DETECTION 
There has also been interest to adapt the ECA platform 
for sensing of oligonucleotides. The first report 
demonstrating the applicability of the N2H4/Au UME/PtNP system 
for biomolecule sensing was done by the Bard group.
16
 They 
developed a DNA sensor in which the Au surface was modified 
with a probe strand, PtNPs were modified with a detection DNA 
strand, and both of these strands were complementary to the 
target strand of interest. After the UME was incubated with 
the probe DNA, it was then incubated with target DNA, and 
finally, incubated with DNA-modified PtNPs. They demonstrated 
that by placing this UME in N2H4 solution and recording the 
chronoamperometry, ECA collisions due to the presence of 
PtNPs could be observed. Using this approach, they were able 
to observe target DNA down to a level of 10 pM.  
The Crooks group has also demonstrated the DNA sensor 
capabilities of the ECA platform on a microfluidic device.
69
 
In this work, we reported the development of a real-time 
ECA chip sensor for the detection of individual DNA 
hybridization events. As shown in Illustration 1.5, a 
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microfluidic device with an Au microband and a 
poly(dimethylsiloxane) channel was constructed using 
microfabrication methods.  
 
 
Illustration 1.5: Detection of Individual DNA Hybridization 
Events in a Microfluidic Device 
The surface of the Au electrode was modified with a 25-
base probe strand, and PtNPs were modified with the 
complementary strand. We found that in the presence of N2H4, 
when DNA-modified PtNPs were flowed in at a rate of 50 nL 
min
-1
, current transients corresponding to individual DNA 
hybridization events could be observed on i-t traces. At the 
same flow rate, no collision events were observed when DNA-
modified PtNPs were flowed down the channel without the DNA 
monolayer on the electrode. Similarly, when PtNPs were 
modified with a non-complementary strand containing a 5 base 
mismatch and introduced into the channel with the DNA 
monolayer on the electrode, no significant collisions were 
observed on the i-t trace. This demonstrated that the sensor 
was specific only to fully complementary DNA hybridization 
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events, and that these events could be detected in real-time. 
Using this sensor, we were able to detect the hybridization 
of individual DNA-modified PtNPs at concentrations as low as 
25 pM.  
 
1.9 DNA SURFACE MODIFICATION STUDIES OF ECA 
Shortly after the development of our DNA hybridization 
sensor, the Crooks group conducted various experiments to 
study the effects of modifying UME and NP surfaces with DNA.
70
 
The purpose of these experiments was to gain a fundamental 
understanding of the system for future sensor applications. 
Previous studies by the Bard group had examined the effects 
of carboxylic-acid-terminated n-alkanethiol monolayers on 
UME and NP surfaces on ECA collisions.
14
 They reported that 
as the length of the n-alkanethiol increased on both NPs and 
UME surfaces from 3 to 16 carbons, the collision frequency 
and size of current transients decreased. In addition, they 
found that higher coverages of the n-alkanethiols also lead 
to lower frequencies and collision sizes. 
In our study, we evaluated both ssDNA-modified and bare 
Au and Hg UMEs using both bare and ssDNA-modified PtNPs 
(PtNP@ssDNA) for N2H4 ECA collisions. A scheme of these 
experiments is shown in Illustration 1.6.  
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Illustration 1.6: Scheme showing the effects of modifying 
electrode and PtNP surface with ssDNA 
Two different lengths of ssDNA were studied: a 5-base 
strand and a longer 25-base strand. We found that 
modification of the electrode surfaces with monolayers of 
either strand had little effect on the size and frequency of 
collision events. When we tested collisions of PtNP@ssDNA on 
bare Au and Hg, however, we observed significant decreases 
in the frequency and size of collision events. We found that 
this effect was correlated with higher modification ratios 
of ssDNA-to-PtNPs: that is, PtNP@ssDNA modified at a 50:1 
ssDNA:PtNP ratio showed more profound passivation of ECA 
collisions than PtNP@ssDNA modified at a 5:1 ssDNA:PtNP 
ratio. Lastly, this deactivation effect also depended on the 
length of the ssDNA strand, with the 25-base strands showing 
a more rapid decrease in size and frequency at lower 
ssDNA:PtNP modification ratios.  
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This leads to a serious challenge in using the N2H4/PtNP 
ECA system for sensing applications, and the aim of this 
dissertation is to address this problem with a solution 
involving enzymatic cleavage of ssDNA on PtNPs. 
 
1.10 RESEARCH SUMMARY AND DISSERTATION OVERVIEW 
This dissertation focuses on addressing the challenge 
of adapting the ECA PtNP collision platform for specific 
detection of oligonucleotides. The challenge of reactivating 
DNA-passivated PtNPs by enzymatic digestion of the surface 
strands will be explored, as well as extending this general 
approach for the specific detection of microRNAs (miRNAs). 
The development of such a sensor offers the advantage of 
analyte detection in real-time, high sensitivity, high 
specificity, and ease-of-use.  
Chapter 2 discusses the proof-of-concept experiments 
conducted to demonstrate reactivation of PtNP@ssDNA on Au and 
Hg/Pt UMEs. PtNPs were modified with a high surface coverage 
of ssDNA. Consistent with our earlier report,
70
 these 
PtNP@ssDNA conjugates yielded few collision signals. This is 
due to DNA-restricted access of N2H4 to the catalytic PtNP 
surface. After incubation of PtNP@ssDNA with 30 U of Exo I, 
however, about 50% of the collision activity (compared to 
naked PtNPs) is recovered. Exo I, which is specific to 
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cleaving ssDNA with a free 3’-hydroxyl end and cuts 
nucleotides in a stepwise fashion, removes much of the ssDNA 
originally present on the PtNPs.  
We then extend this general principle to demonstrate the 
specific detection of miRNAs in Chapter 3. PtNPs were 
modified with ssDNA complementary to the miRNA of interest, 
and subsequently incubated with the miRNA strands. Incubating 
these conjugates with Duplex Specific Nuclease, which is 
specific only to DNA in DNA/DNA or DNA/RNA duplexes, cleaves 
the ssDNA strands on the PtNP surface, leaving miRNA free to 
bind with another immobilized ssDNA. These conjugates are 
then used in ECA collision experiments, and the frequency of 
collision events on Hg/Au amalgam electrodes was found to be 
linearly related with concentration. 
Chapter 4 discusses ECA tunneling collision studies 
conducted on Au UMEs modified with passivating, 
electrostatically assembled polyelectrolyte multilayer (PEM) 
films. The results from these studies showed that despite the 
thickness of the insulating PEM films, which range up to 5 
nm, electrons are able to tunnel from the PtNPs to the 
electrode, resulting in N2H4 oxidative collisions at the PEM 
film/solution interface. Secondly, we demonstrate that it is 
possible to control the frequency of collision events by 
manipulating the net electrostatic charge present on the 
outer surface of the PEM films. These results provide 
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interesting insight into the tuning of ECA current 
transients. 
 
1.11 ACCOMPLISHMENTS 
There are three major accomplishments that will be 
highlighted in this dissertation. The first is the 
development of a ‘‘turn-on’’ ECA biosensor, an experimental 
design which solves the problem of conjugation of 
biomolecules electrochemically passivating metallic NPs. The 
second is addressing the issue of PtNP aggregation during ECA 
experiments. As will be shown in Chapters 2 and 3, modifying 
PtNPs with a shell of ssDNA stabilizes the colloidal 
dispersion in the presence of relatively high ionic strength 
environments, even after enzymatic digestion at elevated 
temperatures. Lastly, Chapter 4 will demonstrate the ability 
to turn ECA collisions ‘‘on’’ and ‘‘off’’ by modifying the 
electrode surface with electrostatically charged polymers.   
 
  
 23 
Chapter 2: Electrocatalytic amplification of DNA-
modified nanoparticle collisions via enzymatic 
digestion1 
INTRODUCTION 
Here we report a new and general approach that will be 
useful for adapting the method of electrocatalytic 
amplification (ECA) to biosensing applications.
3
 As shown in 
Illustration 2.1a, the original version of ECA occurs when a 
catalytically active nanoparticle (NP) strikes an 
appropriately poised inert electrode in the presence of a 
suitable redox molecule. In this case, significant current 
flow, arising from a redox indicator reaction, is only 
observed when the particle is in contact with the electrode. 
Therefore, it is possible to distinguish individual 
collisions between nanoparticles and the electrode surface. 
                                                 
1 Castaneda, A. D.; Robinson, D. A.; Stevenson, K. J.; Crooks, R. M. 
Chem. Sci. 2016, 7, 6450-6457. ADC was the primary author. DAR assisted 
with design of Hg experiments, and KJS was DAR’s research advisor. RMC 
was the primary research advisor. 
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Illustration 2.1: Scheme of PtNP@ssDNA Digestion via Exo I 
We are interested in using ECA to detect small numbers 
of biological molecules such as DNA. Previous work from our 
lab has shown, however, that when DNA is present on colliding 
NPs, very little current results.
70
 This is, of course, a 
consequence of DNA-induced blocking of catalytically active 
sites on the NP surface. This finding presents a clear problem 
for integration of ECA into biosensing schemes: specifically, 
if a biological recognition element is immobilized on the 
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NPs, then little or no current will be observed upon impact. 
Here we present a strategy that at least partially addresses 
this difficulty. Specifically, we start with catalytically 
inactive DNA-modified NPs, and then detect the presence of 
DNA using an enzyme (an exonuclease) that degrades DNA 
sufficiently to reactivate the catalytic properties of the 
NPs. Importantly, the goal of the present work is to introduce 
a general methodology that could be useful for a range of 
future biosensing applications. At this early stage in our 
research, we do not intend to suggest that the metrics 
presented here are competitive with the many other DNA 
sensing methods that have been reported. 
For the present study, we chose N2H4 oxidation as the 
redox indicator reaction, because this inner-sphere electron-
transfer reaction is catalyzed by PtNPs but not by Au or Hg 
ultramicroelectrodes (UMEs). 
N2H4 = N2 + 4H
+
 + 4e
-
  (2.1) 
Accordingly, when an appropriate interfacial potential 
is selected for the UME, no current due to equation 2.1 is 
observed until a PtNP strikes the electrode surface. The 
current transients that result from these collisions are 
step-shaped for Au UMEs
9
 and spike-shaped for Hg UMEs.
43-45
 
The rapid current decrease observed for Hg UMEs is due to 
deactivation of the PtNPs resulting from Hg poisoning. 
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Enzymes have heretofore not been integrated into ECA 
sensing schemes, but we were inspired by the surface-enzyme 
chemistry reported by Corn and coworkers
71,72
 over the past 
several years, and we thought coupling the two methods 
could be quite powerful. This work focuses on the use of 
nucleases, which are a family of enzymes capable of 
hydrolyzing the phosphodiester bonds in DNA chains.
73
 The 
difference between endo- and exonucleases lies in the way 
each class initiates hydrolysis. Endonucleases cleave 
phosphodiester bonds at a specific site within the middle 
section of the oligonucleotide, while exonucleases initiate 
cleavage at a free -OH group on either the 5′ or 3′ end.74 
The 5′ to 3′ exonucleases are commonly used in biology to 
remove RNA primers,
75,76
 whereas 3′ to 5′ exonucleases are 
used to help repair DNA mismatches.
77
 A number of analytical 
assays incorporate the use of nucleases for operating on 
nanoparticles conjugated with DNA. These include schemes 
involving detection via colorimetry,
78,79
 fluorescence,
80
 and 
electrochemistry.
81
 For this study, we used Exonuclease I 
(Exo I), a nuclease extracted from E. coli, which is 
selective for denatured or single-strand DNA (ssDNA). Exo I 
initiates cleavage at a free 3′-hydroxyl end of ssDNA and 
cuts nucleotides in a stepwise fashion.
82
 
In the present work, we modified 22 nm-diameter PtNPs 
with 25-mer ssDNA. Consistent with an earlier report from 
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our group,
70
 these PtNP@ssDNA conjugates yield few collision 
signals (Illustration 2.1b), because DNA restricts access 
of N2H4 to the electrocatalytic PtNP surface. After 
incubation of PtNP@ssDNA with 30 U of Exo I, however, about 
50% of the collision activity (compared to naked PtNPs) 
returns (Illustration 2.1c). This is because Exo I removes 
much of the ssDNA originally present on the PtNPs. The key 
result is that these findings point to a general approach 
for using ECA to detect small molecules, proteins, and DNA. 
 
EXPERIMENTAL 
Chemicals and Materials 
MgCl2, (NH4)2SO4, 2-mercaptoethanol, Tris-HCl, ZnCl2, 
glycerol, L-ascorbic acid, citric acid, NaBH4, and N2H4·H2O 
were purchased from Sigma-Aldrich (St. Louis, MO). Sodium 
citrate and sodium phosphate monohydrate were purchased from 
EM Science (Billerica, MA). H2PtCl6·6H2O (99.9%) was purchased 
from Strem Chemicals (Newburyport, MA). Tween 20 and NaCl 
were obtained from Fisher Scientific (Pittsburgh, PA). All 
reagents were used as received. The DNA conjugates, ssDNA 
(5′-(CH2)3-SH CAC GAC GTT GTA AAA CGA CGG CCA G-3′) and Cy3-
ssDNA (5′-(CH2)3-SH CAC GAC GTT GTA AAA CGA CGG CCA G-Cy3-
3′), were from Integrated DNA Technologies (Coralville, IA) 
and received as lyophilized pellets in microcentrifuge tubes. 
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The pellets were centrifuged to ensure no residue on the 
walls or cap remained, and then suspended in H2O. Deionized 
(DI) water having a resistivity of 18.2 MΩ cm was used for 
all experiments (Milli-Q gradient water purification system, 
Millipore, Bedford, MA). Experiments were conducted at room 
temperature (23 ± 2 °C). Unless otherwise stated, the 
phosphate buffer was adjusted to pH 7. 
 
Synthesis and Characterization of PtNPs 
PtNPs were prepared following a previously reported 
seed-mediated synthesis.
83
 Briefly, 7.76 mL of a 0.2% (w/v) 
solution of H2PtCl6 were added to 100 mL of gently boiling 
H2O. After 1.0 min, 2.37 mL of a solution containing sodium 
citrate (1%, w/v) and citric acid (0.05%, w/v) were added and 
the solution was allowed to boil for an additional 30 s. 
Next, 1.18 mL of a solution containing NaBH4 (0.08%, w/v), 
sodium citrate (1%, w/v), and citric acid (0.05%, w/v) were 
added, and boiling was continued for 10 min. After cooling 
to room temperature, 3-4 nm Pt seed NPs were obtained. 
A 1.0 mL aliquot of the PtNP seed solution was added to 
29.0 mL of H2O at room temperature. With stirring, 0.023 mL 
of a 0.40 M H2PtCl6 solution and 0.50 mL of a solution 
containing 1% sodium citrate and 1.25% L-ascorbic acid was 
added. The solution was then heated to boiling at the rate 
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of 10 °C min
−1
. The total reaction time was 30 min. After 
cooling to room temperature, the solution was transferred to 
a 35 mm dialysis sack (12 000 Da MWCO, Sigma-Aldrich) and 
submerged in 4 L of DI H2O for 24 h to remove excess salts. 
The PtNPs were characterized by transmission electron 
microscopy (TEM, FEI Tecnai TEM), and found to have an average 
diameter of 22 ± 4 nm. A representative TEM image and a 
histogram showing the NP size distribution are shown in 
Figure 2.1. 
 
 
Figure 2.1: Analysis of PtNPs by transmission electron 
microscopy. (a) Representative TEM micrograph of 
the PtNPs used in this study and (b) Histogram 
indicating the size of the PtNPs: 22 ± 4 nm. 
 
 30 
Preparation of PtNP@ssDNA Conjugates 
PtNP@ssDNA conjugates were prepared using a modified 
version of a pH-assisted conjugation method previously 
reported for AuNPs and AgNPs.
84,85
 Briefly, 400 μL of the 570 
pM PtNP solution were mixed with 5.0 μL of 10.0 μM ssDNA 
(this yields a PtNP : ssDNA ratio of ∼1:220). After 5 min, 
25.0 μL of 100 mM citrate-HCl buffer (pH 3) were injected and 
mixed into the solution. After 5 min, an additional 25.0 μL 
of citrate-HCl buffer were added. After 25 min at room 
temperature, 400 μL of 100 mM HEPES buffer (pH 7.4) were 
added, and the solution was vortexed for ∼5 s. The conjugates 
were then centrifuged at 16.6 G for 20 min, washed three 
times with DI water, and resuspended in Taq buffer (75 mM 
Tris-HCl (pH 8.8), 2 mM MgCl2, 0.01% Tween 20, and 20 mM 
(NH4)2SO4). For electrochemical measurements, a few tens of 
microliters of this resuspended solution was diluted in 5-10 
mL of PB (pH 7) solution, so the final electrolyte solution 
contained a small percentage of Taq buffer. 
These materials were used for all experiments reported 
herein, except for those relating to Figure 2.4 where lower 
ratios of PtNP:ssDNA were used to gauge the effect of ssDNA 
surface concentration on ECA measurements. In those 
experiments the PtNP@ssDNA were resuspended in 50 mM PB (pH 
7) rather than Taq buffer. 
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Enzymatic Digestion of PtNP@ssDNA 
30 U of Exo I were combined with 400 μL of the PtNP@ssDNA 
solution in Taq buffer and immediately vortexed for 5 s. 
Subsequently, the solution was incubated at 37 °C for 1 h 
with gentle mixing at 200 rpm before immediate use. 
 
UME Preparation 
Au UMEs having a diameter of 12.5 μm and Pt UMEs having 
a diameter of 10 μm were purchased from CH Instruments 
(Austin, TX). Au UMEs were polished by wet sanding for 1 min. 
The Au UMEs were then submerged in piranha solution (1 : 3 
30% H2O2/H2SO4) Caution! Piranha solution can react violently 
with organic compounds and should be handled with care. Next, 
they were electrochemically cleaned by immersing them in 0.1 
M H2SO4 and cycling the applied potential between −0.35 and 
1.35 V vs. Ag/AgCl (3.4 M KCl) for 25 cycles at 0.30 V s
−1
 
(potentiostat model CH 700D, CH Instruments, Austin, TX). 
Before use, they were rinsed with H2O and dried under a gentle 
stream of N2. 
Hg UMEs were prepared by electrodepositing Hg onto a Pt 
UME according to a previously reported method.
86
 Briefly, the 
Pt UMEs were polished via wet sanding for 1 min. Hg was then 
electrodeposited (−0.10 V vs. Ag/AgCl, 3.4 M KCl) for 300 s 
from a solution containing 5.7 mM Hg2(NO3)2, 0.5% conc. HNO3, 
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and 1 M KNO3. Finally, the Hg UMEs were rinsed with H2O 
immediately before use. 
 
Electrochemistry 
Chronoamperometric (i-t) curves were obtained in a two-
electrode cell using a Chem-Clamp voltammeter-amperometer 
(Dagan Corp., Minneapolis, MN) potentiostat coupled to a PAR 
175 Universal Function Generator (Princeton Applied Research, 
Oak Ridge, TN) to apply the voltage. The potentiostat and 
function generator were interfaced to a Dell Optiplex 380 
computer through a PCI-6251 data acquisition board (National 
Instruments, Austin, TX) using a BNC-2090A analog breakout 
accessory (National Instruments, Austin, TX). The 
electrochemistry data were obtained using a custom LabView 
program (National Instruments). The sampling time was 0.015 
s. All electrochemistry experiments were shielded from 
environmental noise using a custom Faraday cage constructed 
from copper plate and mesh. For i-t experiments, the 
potential was held at −50 mV and 5 mV vs. Ag/AgCl for the Au 
and Hg UME experiments, respectively. Unless stated 
otherwise, all potentials are reported vs. a Ag/AgCl 
reference electrode (3.4 M KCl, model CH111, CH Instruments, 
Austin, TX) separated from the working electrode by a glass 
frit to minimize contamination. 
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Nanoparticle Tracking Analysis 
The colloidal stability of PtNPs, PtNP@ssDNA, and 
PtNP@ssDNA post-Exo I was analyzed using nanoparticle 
tracking analysis (NTA, Malvern Instruments, Malvern, United 
Kingdom). NTA is a technique that utilizes light scattering 
and particle tracking to measure the size distribution and 
concentration of particles in a solution. Due to the narrow 
working concentration range of the instrument (<1 pM), NP 
solutions were diluted to a final concentration of 0.57 pM 
for PtNPs, 0.89 pM for PtNP@ssDNA, and 0.46 pM for PtNP@ssDNA 
post-Exo I. 
 
RESULTS AND DISCUSSION 
Synthesis and Characterzation of PtNP@ssDNA 
The PtNP@ssDNA conjugates were prepared using the fast, 
pH-assisted conjugation method discussed in the Experimental 
section. This procedure results in colloidally stable 
conjugates having a 22 nm-diameter Pt core and a ssDNA shell 
in under 1 h.
84
 
To estimate the average number of ssDNAs per PtNP, a 
previously reported technique, which is based on fluorescence 
quenching by the PtNPs, was used.
84,87
 For this purpose, the 
thiolated ssDNA was modified at the 3′ end with the 
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fluorescent dye Cy3 (ssDNA-Cy3), which has a maximum 
absorption wavelength at 550 nm and a maximum emission 
wavelength at 570 nm. Adsorption of ssDNA-Cy3 to the PtNP 
brings the dye sufficiently close to the NP surface to quench 
its fluorescence. Therefore, after modification of the PtNPs 
with Cy3-tagged ssDNA, residual fluorescence in solution will 
arise primarily from unbound ssDNA. 
To carry out this analysis we first recorded a 
calibration curve for ssDNA-Cy3 in Taq buffer (Figure 2.2), 
and then measured the fluorescence of solutions containing 
PtNP@ssDNA-Cy3. By comparison of the residual fluorescence 
in the latter solution to the calibration curve, the 
concentration of bound DNA can be determined. Dividing this 
value by the concentration of PtNPs (determined by NTA) 
yields a rough estimate of the number of ssDNA-Cy3 per PtNP, 
which we find to be ∼35. The conditions used to modify PtNPs 
with unlabeled DNA (e.g., PtNP@ssDNA) were the same as for 
PtNP@ssDNA-Cy3 to ensure similar coverages. 
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Figure 2.2: Fluorescence calibration curve used to 
determine the coverage of ssDNA for the PtNP@ssDNA 
materials. The DNA coverage per PtNP was estimated 
to be ~35 DNAs per PtNP. This value applies to all 
experiments discussed in the main text except 
those associated with Figure 2.4. 
The poor colloidal stability of nanoparticles in ECA 
experiments is a very serious problem,
41,88,89
 and therefore we 
evaluated this parameter for the PtNP conjugates used in this 
study prior to carrying out collision experiments. These NTA 
results (Figure 2.3a) indicate a size distribution of 46 ± 
27 nm for nominally naked PtNPs (black trace) in 50 mM PB. 
This value can be compared to the size measured in water (no 
buffer): 28 ± 20 nm, indicating that the electrostatic shield 
effect of the buffer leads to some aggregation.
90,91
 After 
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modification with ssDNA (PtNP@ssDNA), the size of the 
resulting conjugates in 50 mM PB is a little larger than the 
nominally naked PtNPs: 57 ± 31 nm (red trace) and 53 ± 29 nm 
(blue trace) before and after treatment with Exo I, 
respectively. Note that the aforementioned size distributions 
are the averages of three independent measurements. 
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Figure 2.3: Representative size-distribution histograms, 
derived from nanoparticle tracking analysis, for the PtNPs 
used in this study. The types of PtNPs corresponding to 
each histogram are shown in the legend. The concentrations 
of PtNPs were: naked PtNPs, 0.57 pM; PtNP@ssDNA, 0.89 pM; 
and PtNP@ssDNA post-Exo I, 0.46 pM. Measurements were 
obtained in (a) 50 mM phosphate buffer (PB, pH 7), (b) 50 
mM PB (pH 7) + 10 mM N2H4, and (c) Taq buffer. To account 
for the differences in NP concentration, the histograms are 
normalized to the highest concentration observed for each 
species. 
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It has previously been shown that the presence of N2H4 
can increase the degree of aggregation of PtNPs,
88
 and 
therefore we repeated the measurements shown in Figure 2.3a 
except included 10.0 mM N2H4 in the solutions (Figure 2.3b). 
The size distribution for naked PtNPs (black trace) in the 
presence of N2H4 confirms the earlier report. In this case 
the average PtNP diameter is 100 ± 45 nm. After addition of 
the ssDNA shell, however, the conjugates are stabilized, and 
the degree of N2H4-induced aggregation is reduced both before 
(PtNP@ssDNA, 52 ± 31 nm, red trace) and after (PtNP@ssDNA, 
55 ± 35 nm, blue trace) exposure to Exo I. In other words, 
N2H4 has no significant effect on the colloidal stability of 
PtNP@ssDNA. 
 
ECA of PtNP@ssDNA at Au UMEs prior to Exo I Digestion 
We have previously reported that the presence of ssDNA 
on the surface of 4.6 nm PtNPs reduces both the magnitude and 
frequency of ECA collision signals arising from N2H4 oxidation 
on both Au and Hg UMEs.
70
 To verify that this observation 
holds true even for the larger NPs used in the present study, 
we modified PtNPs using solutions containing the following 
ratios of PtNP : ssDNA---1:10, 1:25, 1:50, and 1:100, and then 
obtained ECA data using Au UMEs. 
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Figure 2.4a shows representative current-time (i-t) 
traces for N2H4 + 50 mM PB solutions in the absence of PtNPs 
(black trace), and in the presence of naked PtNPs (red trace), 
PtNP@ssDNA prepared using a PtNP : ssDNA ratio of 1:10 (blue 
trace), and PtNP@ssDNA prepared using a PtNP:ssDNA ratio of 
1:100 (green trace). Obviously, no collisions are observed 
in the absence of PtNPs. Naked PtNPs produced an average ECA 
current transient frequency of 0.048 ± 0.006 Hz and current 
magnitude of 51 ± 41 pA (see Figure 2.5 for additional i-t 
curves for collisions of nominally naked PtNPs with Au UMEs). 
This current is lower than that predicted by equation 1.1 
(237 pA), which has previously been shown to yield reasonable 
agreement with experimental measurements involving smaller 
NPs (∼3-4 nm).3 
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Figure 2.4: ECA results obtained using a Au UME and a 
solution containing 50 mM PB (pH 7) + 10.0 mM N2H4. 
(a) i-t curves obtained at E = −50.0 mV. The types 
of PtNPs used for each trace are shown in the 
legend. (b) Histogram showing the distribution of 
collision currents for the indicated ratios of 
PtNP:ssDNA. In all cases the indicated ratios 
refer to the PtNP:ssDNA ratio of the solution used 
to modify the PtNPs (not the actual surface 
concentrations of ssDNA on the PtNPs). 
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Figure 2.5: ECA results for collisions of naked PtNPs with 
an Au UME. The solutions contained 50 mM PB + 10 
mM N2H4 (pH 7). (a) i-t traces in the absence 
(black trace) and presence (colored traces) of 
11.7 pM PtNPs. The average collision frequency for 
the three trials was 0.048 ± 0.006 Hz. (b) 
Histogram showing the frequency of collisions as a 
function of current. The average collision current 
was 51 ± 41 pA. 
In a previous study involving larger (57 nm) PtNPs, the 
predicted current was also larger than the experimental 
average.
92
 In this case the calculated collision current was 
613 pA, but the average measured current was only 185 ± 177 
pA. We do not know why this calculation does not agree well 
with the experimental results for PtNPs larger than 3-4 nm, 
but one possibility is that the majority of collision signals 
arise from a relatively small subset of PtNPs residing at the 
low end of the size distribution. This in turn could be a 
consequence of the lower diffusion coefficients of larger 
PtNP aggregates. It is also known that N2H4 solutions 
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deactivate Pt electrodes (and by extension PtNPs), and this 
could also account for the lower-than-expected collision 
currents.
93
 
The average ECA current and transient frequency 
resulting from collisions of PtNP@ssDNA (1:10), 51 ± 48 pA 
and 0.043 ± 0.006 Hz, respectively, were almost identical to 
those of the naked PtNPs. However, PtNPs with the highest 
ssDNA modification ratio revealed a much larger decrease in 
signal. Specifically, the average collision current for 
PtNP@ssDNA (1:100) was 17 ± 11 pA, a ∼66% decrease relative 
to naked PtNPs. Additionally, the frequency decreased from 
0.048 ± 0.006 Hz to 0.0072 ± 0.004 Hz. 
Figure 2.4b is a histogram showing the distribution of 
ECA currents as a function of the PtNP:ssDNA solution ratio 
used to prepare the conjugates. These data reveal the 
quantitative attenuation in collision current as a function 
of increasing ssDNA coverage. Although not shown here, the 
collision frequency also decreases with increasing ssDNA 
coverage. This trend is consistent with data previously 
reported for 4.6 nm PtNPs.
70
 
 
Colloidal Stability during Enzymatic Reactions 
Enzymatic reactions with Exo I are commonly performed 
in an optimized reaction buffer consisting of 67 mM glycine-
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KOH (pH 9.5), 6.7 mM MgCl2, and 10 mM 2-mercaptoethanol. 
However, both naked PtNPs and PtNP@ssDNA precipitated in this 
reaction buffer within the required incubation period of 1 
h. It is known, however, that Exo I also maintains 100% of 
its activity in a buffer optimized for the Taq polymerase: 
75 mM Tris-HCl (pH 8.8), 2.0 mM MgCl2, 0.01% Tween 20, and 20 
mM (NH4)2SO4.
94
 Accordingly, we tested the colloidal stability 
of PtNPs in the Taq buffer and each of its components by 
carrying out NTA experiments. 
Figure 2.3c presents normalized NTA data for both naked 
PtNPs (black trace) and PtNP@ssDNA (red trace). These data 
were obtained by resuspending the NPs in Taq buffer and 
incubating at room temperature for 1 h. An aliquot of the NP 
solution was then further diluted in Taq buffer to an 
appropriate concentration for NTA measurements (∼0.5-1.0 pM). 
The important result is that the average size of naked PtNPs 
in the Taq buffer is 155 ± 119 nm compared to 44 ± 40 nm for 
those stabilized with ssDNA. The latter size can be compared 
to 57 ± 31 nm found for PtNP@ssDNA in 50 mM PB (Figure 2.3a). 
We conclude that PtNP@ssDNA are sufficiently stable in the 
Taq buffer to carry out the Exo I cleavage. NTA plots for the 
individual components of Taq buffer (75 mM Tris-HCl (pH 8.8), 
2.0 mM MgCl2, 0.01% Tween 20, and 20 mM (NH4)2SO4) can be found 
in Figure 2.6. The tabulated results can be found in Table 
2.1. 
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Figure 2.6: Nanoparticle tracking analysis showing the 
normalized concentration of PtNPs as a function of 
their diameter for naked PtNPs (black traces) and 
PtNP@ssDNA (red traces) in (a) Taq buffer, (b) 20 
mM (NH4)2SO4, (c) 2.0 mM MgCl2, (d) 75 mM Tris-HCl 
(pH 8.8), and (e) 0.01% Tween 20. (f) Histogram 
showing the average PtNP diameter in Taq buffer 
and the individual buffer components. 
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Solution Naked Pt NPs (nm) PtNPs@ssDNA (nm) 
Taq buffer 155 ± 119 44 ± 40 
20 mM (NH4)2SO4 80 ± 67 54 ± 52 
2 mM MgCl2 114 ± 99 46 ± 33 
75 mM Tris-HCl 104 ± 75 69 ± 69 
0.01% Tween 20 82 ± 78 60 ± 42 
Table 2.1: Naked PtNP and PtNP@ssDNA sizes in Taq buffer 
and Taq buffer components 
 
ECA of PtNP@ssDNA at Au UMEs after Exo I Digestion 
We are interested in the catalytic properties of 
PtNP@ssDNA after exposure to Exo I, because (as discussed in 
the Introduction) reactivation of the NPs provides a means 
of using ECA for biosensing applications. Accordingly, 
PtNP@ssDNA was incubated with 30 U of Exo I for 1.0 h at 37 
°C. Figure 2.7a shows ECA i-t traces for collisions of 
PtNP@ssDNA with a Au UME before (black trace) and after (red 
trace) Exo I digestion. Prior to digestion, the PtNP@ssDNA 
produced very small (∼1-2 pA, Figure 2.7a inset) and 
infrequent collisions. Some experiments, typically those 
carried out at PtNP@ssDNA concentrations <1 pM, produced no 
collisions at all. After Exo I digestion, which removes a 
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fraction of the ssDNA from the PtNP surface, the anodic 
background current (red trace) increases with time and step-
shaped current transients, corresponding to NP collisions, 
are observed. This is apparent in the expanded view (Figure 
2.7b) of a 10 s section of the i-t trace in Figure 2.7a. 
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Figure 2.7: (a) i-t curves obtained at E = −50.0 mV for 
11.7 pM PtNP@ssDNA before (black) and after (red) 
ssDNA digestion by Exo I. The inset shows an 
expanded view of the i-t trace before treatment 
with Exo I. (b) Expanded view of post-Exo I trace 
in frame a showing the step-shaped profile. (c) 
Histogram showing the distribution of currents for 
collisions of PtNP@ssDNA post-Exo I.(d) Plot of 
collision frequency as a function of the 
concentration of PtNP@ssDNA post-Exo I. 
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A histogram showing the frequency of collisions as a 
function of the ECA current is shown in Figure 2.7c. The 
average collision current for the post-Exo I PtNP-ssDNA is 
24 ± 15 pA, which can be compared to the value for naked 
PtNPs: 51 + 41 pA. Because only about half of the original 
current is recovered after exposure to the enzyme, we 
conclude that only about that same fraction of the PtNP 
surface is available for N2H4 oxidation. The most likely 
scenario is that a substantial fraction of the ssDNA is 
reduced in length by Exo I, thereby providing access of N2H4 
to the PtNP surface. We wish to emphasize that the ssDNA 
incorporates a 6-carbon alkylthiol on its 5′ (proximal) end. 
These alkyl chains will not be removed by Exo I, so it is 
unlikely that additional catalytic sites are exposed on the 
Pt surface. Rather, removal of some of bases reduces mass 
transfer hindrance of N2H4. 
Exo I will only initiate cleavage in ssDNA having a free 
3′-hydroxyl end. To confirm that the action of Exo I is 
responsible for the observation of collisions, we immobilized 
ssDNA on the PtNPs such that only the 5′-hydroxyl end was 
accessible. For this control experiment, only the orientation 
of the DNA on the PtNPs was reversed: the ssDNA sequence was 
unchanged. In this case, no collisions were observed after 
treatment with Exo I (Figure 2.8). This important finding 
confirms that the specific enzymatic activity of Exo I for 
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cleavage of 3′-hydroxyl DNA is responsible for the collision 
currents shown in Figure 2.7. 
 
Figure 2.8: ECA results for collisions of PtNP@ssDNA 
modified with the thiol linkage on the 3’ end, 
post-Exo I digestion on Au (a) and Hg (b) UMEs. 
The solutions contained 50 mM PB + 10 mM N2H4 (pH 
7). i-t traces in the absence (black traces) and 
presence (red traces) of 4 pM PtNPs@ssDNA, post-
Exo I. No significant collision events were 
observed for either electrode material. 
In addition to the collision current, we also studied 
the collision frequency for PtNP@ssDNA post-Exo I and found 
that it correlates linearly with concentration in the range 
of 0.58-11.7 pM (Figure 2.7d). This observation is consistent 
with previous findings for collisions of naked PtNPs at Au 
UMEs.
92
 Here, we also found that the collision frequency is 
higher for PtNP@ssDNA post-Exo I than for naked PtNPs. For 
example, at a concentration of 11.7 pM, the frequency for 
PtNP@ssDNA post-Exo I was 0.190 ± 0.033 Hz, compared to 0.048 
± 0.006 Hz for naked PtNPs. We have observed this same trend 
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previously for ssDNA-modified PtNPs colliding with a Au 
microband electrode.
70
 
The factor-of-three difference in collision frequency 
may be caused by the difference in the rates of mass transport 
between the slower diffusing aggregates of naked PtNPs and 
the smaller, more colloidally stable PtNP@ssDNA. Another 
observation worth considering is the high noise level 
observed for collisions arising from PtNP@ssDNA post-Exo I 
(Figure 2.7b). This might suggest that the ssDNA-modified NPs 
reside on or near the UME surface longer than naked PtNPs, 
and hence each particle may collide with the electrode 
multiple times. 
 
ECA of PtNP@ssDNA at Hg UMEs 
In an effort to better understand the difference in 
collision frequency between naked PtNPs and PtNP@ssDNA, we 
carried out additional ECA experiments using an Hg UME in 
place of the Au UME. We chose this comparison, because Hg has 
previously been shown to quickly deactivate, or ‘‘poison’’, 
PtNPs upon impact.
43
 Therefore, each PtNP@ssDNA should only 
produce one collision signal. Collisions on Hg also provide 
the advantage of lower background noise, and each signal 
decays back to the original current baseline rather than 
producing a step-shaped response.
43
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Figure 2.9a shows i-t results for collisions of 
PtNP@ssDNA with an Hg UME before (black trace) and after (red 
trace) Exo I digestion of PtNP@ssDNA. The inset in this frame 
is an expanded view of the black trace over a limited time 
window. These data show that in the absence of Exo I exposure, 
PtNP collisions yield small and infrequent collisions having 
a magnitude of ∼5 pC. Note that due to the spike-shaped i-t 
transients that occur at Hg UMEs, it is conventional to report 
their magnitude in terms of charge rather than current.
43
 
After enzymatic digestion, more frequent, spike-shaped 
collisions are observed as shown in the expanded view of the 
i-t trace in Figure 2.9b. Comparison of the red traces in 
Figure 2.7a (Au UME) and 2.9a (Hg UME) also shows that the 
baseline current is much more stable for the latter after 
digestion. 
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Figure 2.9: (a) i-t curves obtained at E = 5.0 mV for 1.17 
pM PtNP@ssDNA before (black) and after (red) 
digestion by Exo I. The inset shows an expanded 
view of the i-t trace before treatment with Exo I. 
(b) Expanded view of post-Exo I trace in frame a 
showing the spike-shaped profile. (c) Histogram 
showing the distribution of charges for collisions 
of PtNP@ssDNA post-Exo I (d) Plot of collision 
frequency as a function of the concentration of 
PtNP@ssDNA post-Exo I.  
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Figure 2.9c is a histogram showing the frequency of 
collisions as a function of their magnitude for post-Exo I 
PtNP@ssDNA. The average collision charge for these 
experiments is 63 ± 98 pC, which is ∼50% less than for naked 
PtNPs: 118 ± 128 pC. This trend of recovering roughly half 
the original collision signal is consistent with that 
observed for Au UMEs. Moreover, the broader distribution of 
collision charges (determined from the integrated current 
transients) on Hg is consistent with results reported by 
Stevenson and coworkers.
43
 
The collision frequency of PtNP@ssDNA post-Exo I as a 
function of concentration at an Hg UME is shown in Figure 
2.9d. As for the Au UME data (Figure 2.7d), this plot is 
linear over most of the concentration range studied. The 
interesting result, however, is that the collision 
frequencies are significantly lower at every concentration 
than for the Au UME results (Table 2.2). This finding is in 
contrast to previously reported observations in which the 
larger surface area of the hemispherical Hg UME led to higher 
collision frequencies.
95
 It has been found previously that 
deposition of Hg on Pt yields a hemispherical Hg drop.
45
 If 
we make that assumption here too, then the geometric surface 
area of the Hg electrode is 157 μm2, compared to 123 μm2 for 
the Au disk. In other words, the relative surface areas of 
the two electrodes do not account for the observation of 
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lower collision frequencies on the Hg UME. As suggested 
earlier, however, this difference might be due to specific 
interactions between the ssDNA-coated NPs and the Au UME that 
lead to multiple collisions per PtNP at the Au UME. In 
contrast, Hg deactivates every PtNP upon impact,
43
 and thus 
each PtNP@ssDNA post-Exo I will only produce one current 
transient per collision event. 
 
PtNP-ssDNA 
concentration (pM) 
Frequency (Hz) Au UME Frequency (Hz) Hg UME 
0.5 0.047 ± 0.014 0.03 ± 0.08 
1.17 0.077 ± 0.012 0.057 ± 0.008 
4.0 0.084 ± 0.011 0.072 ± 0.010 
5.8 0.12 ± 0.01 0.083 ± 0.010 
11.7 0.19 ± 0.03 0.11 ± 0.01 
Table 2.2: Collision frequency of post-Exo I PtNP@ssDNA 
conjugates at Au and Hg UMEs as a function of 
concentration 
SUMMARY AND CONCLUSIONS 
The method of ECA relies on access of a redox probe 
molecule, N2H4 in this study, to the surface of a catalytic 
NP. This fact has serious consequences for adaptation of ECA 
to biosensing applications, because in general the latter 
require surface modification with a recognition element such 
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as DNA or antibodies. In ECA, the presence of these 
recognition elements decreases the collision signal in 
proportion to their surface concentration.
70
 To overcome this 
problem, we have introduced a new approach to ECA in which 
the colliding PtNP is pre-poisoned with the receptor (ssDNA 
in this case), but in the presence of an appropriate enzyme 
the catalytic properties of the PtNP are reactivated. In the 
present case, one can consider the target of this ‘‘turn-on 
sensor’’ to be either the ssDNA or the enzyme. As Corn and 
coworkers have shown,
96
 there is a vast array of surface enzyme 
operations, and we believe that many of these could be adapted 
to the ECA methodology described herein. Hence, this approach 
could be quite general in resolving the apparent paradox of 
adapting ECA to biosensing applications.  
Finally, there are three specific conclusions that can 
be drawn from the results presented here. First, PtNPs 
modified with ssDNA are not irreversibly passivated, and at 
least ∼50% of the original current can be recovered after 
treatment with Exo I. Second, PtNP@ssDNA remain colloidally 
stable under the conditions required for enzymatic digestion 
(e.g., high salt concentration). Third, the lower collision 
frequency observed at Hg UMEs, compared to Au UMEs, may be 
indicative of single NPs producing more than one signal per 
collision event at Au electrodes. This is an important point, 
because practical applications of ECA require quantitative 
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correlation of the concentration of a target with the 
collision frequency and/or signal magnitude. These findings 
set the stage for biosensing applications of ECA, which will 
be explored in Chapter 3. 
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Chapter 3: Detection of microRNA by 
Electrocatalytic Amplification2 
INTRODUCTION 
Here we report electrochemical detection of microRNA 
(miRNA) using the method of electrocatalytic amplification 
(ECA).
3,29
  ECA occurs when an electrocatalytic nanoparticle 
(NP) strikes a non-catalytic electrode surface in the 
presence of an appropriate redox-active molecule like N2H4.  
In this case, individual current steps
9
 or peak-shaped
43
 
transients arise each time there is a collision.   
The target in the present case is miRNA, and 
Illustration 3.1 illustrates how we have adapted ECA to 
detect it. Illustration 3.1a shows a PtNP that has been 
surface modified with a monolayer of single-strand DNA 
(ssDNA). Due to the presence of the ssDNA coating, collisions 
between these PtNPs and the electrode surface do not result 
in current transients.
70
 In Illustration 3.1b, miRNA, which 
is complementary to the immobilized DNA, is introduced to a 
solution containing the PtNP@ssDNA conjugate. This results 
in hybridization. Next, the PtNP@ssDNA:miRNA conjugate is 
incubated with duplex specific nuclease (DSN). DSN cuts ssDNA 
only when it is hybridized to complementary nucleic acids 
                                                 
2 Castaneda, A.D.; Brenes, N.J.; Kondajii, A.; Crooks, R.M., Submitted 
for publication in J. Am. Chem. Soc. ADC was the primary author. NJB 
assisted with preliminary experiments, AK assisted with experiments on 
Hg electrodes, and RMC was the research advisor. 
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(Illustration 3.1c), and if the conjugate is a DNA:RNA hybrid 
it leaves the original RNA intact so that it can bind to 
another immobilized ssDNA (Illustration 3.1d). This process 
continues until sufficient ssDNA is removed from the PtNP 
that current transients are observed when the particles 
strike the electrode (Illustration 3.1e). 
 
Illustration 3.1: Scheme demonstrating miRNA detection via 
ECA and DSN Cleavage 
As alluded to earlier, NP-DNA conjugates do not exhibit 
current transients like those commonly observed for naked 
NPs. We have previously shown that when short ssDNA (5 
nucleotides) are immobilized on PtNPs, small current 
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transients are observed, but longer ssDNA (25 nucleotides) 
nearly completely shuts off the electrocatalytic properties 
of the Pt surface completely.
42,70
 Accordingly, we believe that 
the DNA coating prevents the NP from getting within electron 
tunneling distance of the electrode, or it prevents the 
required redox-active molecule (N2H4 in Illustration 3.1) from 
accessing the electrocatalytic Pt surface. Note, however, 
that it is unlikely that Pt sites specifically blocked by 
ssDNA attachment are responsible for the observed attenuated 
current. This is because only a fraction of the Pt atoms on 
the PtNP surface are in direct contact with a sulfur group 
(used for ssDNA immobilization). Additionally, much of the 
electrocatalytic activity of the PtNPs returns when DNA is 
removed, even though the hydrocarbon attachment linker is 
left behind after enzyme digestion.
42
  
miRNA is noncoding RNA that typically has a length of 
21-23 nucleotides. These short sequences are regulatory 
factors in various biological processes, and they play an 
active role in mRNA repression as well as in regulation of 
post-transcriptional gene expression regulation.
97
 
Dysregulation of the expression levels of one or more miRNAs 
is associated with various pathological diseases, including 
cancer, and therefore certain miRNAs may serve as important 
diagnostic biomarkers.
98
 A few strategies in which NP-based 
assays were employed to detect miRNA levels have been 
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reported previously. For example, the Corn group developed 
an array platform for miRNA detection using universal DNA-
functionalized AuNPs.
99
 Similarly, Mirkin and co-workers 
developed a universal DNA-functionalized AuNP for detection 
of miRNA hybridization in an array.
100
  
Here, we were particularly inspired by an assay reported 
by the Fiammengo group, in which they used AuNP-DNA probes 
and fluorescence spectroscopy for absolute miRNA 
quantification.
101
 Specifically, they modified AuNPs with FAM-
labeled probe ssDNA complementary to the miRNA of interest. 
In this configuration, the AuNP effectively quenched the 
fluorescence of FAM. After hybridization with target miRNA 
and subsequent incubation with DSN, however, the ssDNA was 
cleaved (as shown in Illustration 3.1c). This frees FAM from 
the proximity of the AuNP and eliminates quenching. The 
magnitude of the fluorescence signal was found to be 
correlated to the original concentration of miRNA. The limit 
of detection (LOD) of this assay was found to be 5 pM.  
The specific miRNA target used by the Fiammengo group, 
and adopted by us, is hsa-miR-203 (miRNA-203). This is a low-
abundance miRNA that is absent in nearly all organs except 
for the skin and esophagus, where it is expressed at 
relatively high levels. Up-regulation of miRNA-203 is found 
in psoriasis,
102
 and it is differentially expressed in some 
cancers.
103,104
 To cleave the ssDNA:miRNA conjugate we used DSN, 
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which is an endonuclease extracted from the red king 
(Kamchatka) crab hepatopancreas. It selectively cleaves 
double-stranded DNA and DNA in DNA:RNA duplexes. It is 
essentially inactive towards ssDNA and single- or double-
stranded RNA.
105
  
The general approach we have used for detection of DNA
42
 
and RNA by ECA has some attractive features. First, it is 
highly generalizable and applicable to many nucleic acid 
sensing tasks. Second, there is an intrinsic amplification 
step associated with using DSN to cleave the DNA:RNA duplex. 
Specifically, DSN will only digest DNA in DNA:DNA or DNA:RNA 
duplexes, and therefore (as shown in Illustration 3.1d) the 
liberated miRNA strand is free to bind with additional ssDNA 
on the same or different PtNPs. Due to the close proximity 
of DNA on a particular PtNP, this process is probably 
efficient. Third, the colloidal stability of the PtNP@ssDNA 
conjugates is much better than that of naked PtNPs, 
particularly in high-salt buffers.
89
  Fourth, the method 
illustrated in Illustration 3.1 is a "turn-on" sensor, 
because the original PtNP@ssDNA conjugates are 
electrocatalytically inactive. There are intrinsic 
advantages of turn-on sensors over turn-off sensors.
106
  
In the present study, a 26-nucleotide ssDNA oligomer was 
immobilized on PtNPs through a linker consisting of a thiol 
group and a short alkyl chain.  After hybridization with 
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target miRNA, current vs time (i-t) transients were recorded 
using either Au ultramicroelectrodes (UMEs) or Hg-modified 
Au
107
 UMEs before and after exposure of the PtNP@ssDNA:miRNA 
conjugates to DSN. Prior to DSN exposure the NP conjugates 
produced insignificant collision signals, but after digestion 
the signals were recovered. Importantly, and as alluded to 
earlier, the PtNP@ssDNA:miRNA conjugates remained 
colloidally stable in both the N2H4 test solutions and the 
DSN reaction buffer. In contrast, nominally naked PtNPs 
rapidly agglomerated under these conditions, which is a major 
problem in normal ECA experiments.
88,89,108
 
 
EXPERIMENTAL 
Chemicals and Materials 
MgCl2, (NH4)2SO4, Tris-HCl, ZnCl2, glycerol, L-ascorbic 
acid, citric acid, NaBH4, and N2H4oH2O were obtained from 
Sigma-Aldrich (St. Louis, MO).  Sodium citrate and sodium 
phosphate monohydrate were from EM Science (Billerica, MA).  
H2PtCl6o6H2O (99.9%) was purchased from Strem Chemicals 
(Newburyport, MA).  Tween 20 and NaCl were obtained from 
Fisher Scientific (Pittsburgh, PA).  All reagents were used 
as received.  
ssDNA (5’-CTA GTG GTC CTA AAC ATT TCA CTT T-(CH2)3-SH-
3’, 5’-TAMRA-CTA GTG GTC CTA AAC ATT TCA CTT T-(CH2)3-SH-3’, 
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and 5’-TCA ACA TCA GTC TGA TAA GCT ATT T-(CH2)3-SH-3’), miRNA-
203 (GUG AAA UGU UUA GGA CCA CUA G), miRNA-21 (UAG CUU AUC 
AGA CUG AUG UUG A, miRNA-203 single mismatch (GUG AAA UGU UUU 
GGA CCA CUA G), and miRNA-203 5-base mismatch (GUG AAA UGU 
AAU CCA CCA CUA G) were from Integrated DNA Technologies 
(Coralville, IA) and received as lyophilized pellets in 
microcentrifuge tubes. The excitation and emission 
wavelengths used for analysis of the TAMRA label were 546 nm 
and 579 nm, respectively. The pellets were centrifuged to 
ensure no residue on the walls or cap remained and then 
suspended in H2O. DSN was purchased from Evrogen and received 
as a lyophilized enzyme. The pellet was diluted in the DSN 
storage buffer provided (5 μL of buffer for each 10 U DSN), 
gently vortexed, and incubated at 25 
o
C for 5 min. An equal 
volume of glycerol (for a final concentration of 50% 
glycerol) was added before the tube was gently vortexed and 
stored at -20 
o
C. Deionized (DI) water having a resistivity 
of 18.2 MΩocm was used for all experiments (Milli-Q gradient 
water purification system, Millipore, Bedford, MA). 
Experiments were conducted at room temperature (23 ± 2 
o
C).  
Unless otherwise stated, the phosphate buffer was adjusted 
to pH 7.0. 
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Synthesis and Characterization of PtNPs 
PtNPs were synthesized following a previously reported 
seed-mediated method.
83
 Briefly, 7.76 mL of 0.2% (w/v) H2PtCl6 
were added to 100 mL of boiling H2O and reacted for 1.0 min.  
Next, 2.37 mL of a 1% (w/v) sodium citrate and 0.05% (w/v) 
citric acid solution were added, and the Pt solution was 
boiled for 30 s. Finally, 1.18 mL of a solution containing 
0.08% (w/v) NaBH4, 1% (w/v) sodium citrate, and 0.05% (w/v) 
citric acid solution was added, and the solution was boiled 
for 10 min. After cooling to R. T. (25 
o
C), 3-4 nm Pt seed 
NPs were obtained.  
Larger PtNPs were synthesized by adding 1.0 mL of the 
PtNP seed solution to 29.0 mL of H2O at 25 
o
C.  While stirring, 
0.023 mL of 0.40 mL H2PtCl6 solution, 0.5 mL of 1% sodium 
citrate, and 1.25% L-ascorbic acid solution were added. The 
solution was then heated to boiling at the rate of 10 
o
C min
-
1
, with the total reaction time being 30 min. After cooling 
to ~25 
o
C, the solution was transferred to a 35 mm dialysis 
sack (12,000 Da MWCO, Sigma-Aldrich), where it was submerged 
in DI water for 24 h to remove excess salts. The PtNP size 
distribution was characterized by transmission electron 
microscopy (TEM, FEI Tecnai TEM). The average diameter was 
found to be 23 ± 3 nm. A representative image and size 
distribution histogram can be found in Figure 3.1. 
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Figure 3.1: Transmission electron microscopy of PtNPs. (a) 
Representative TEM micrograph of the PtNPs used 
for the experiments described in Chapter 3. (b) 
Histogram showing that the size distribution of 
the PtNPs is 23 ± 2 nm. 
 
Preparation of PtNP@ssDNA:miRNA Conjugates 
PtNP@ssDNA conjugates were prepared using a pH-assisted 
conjugation method that was previously reported for AgNPs and 
AuNPs.
84,85
 Specifically, 400 μL of the 445 pM PtNP solution 
were mixed with 5.0 μL of 100 µM ssDNA. After an incubation 
time of 5 min at 25 
o
C, 25.0 µL of 100 mM citrate-HCl buffer 
(pH 3) were added, the solution was mixed, and then it was 
allowed to rest for 5 min.  Next, an additional 25.0 μL of 
citrate buffer were added, and the solution was incubated at 
25 
oC for 25 min, after which 400 μL of 100 mM HEPES buffer 
(pH 7.4) were added. The solution was then vortexed for ~5 
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s, centrifuged at 16.6 G for 20 min, washed 3 times, and 
resuspended in Taq buffer (75 mM Tris-HCl (pH 8.8), 2 mM 
MgCl2, 0.01% Tween 20, and 20 mM (NH4)2SO4). The miRNA strand 
of interest was then added at varying concentrations and 
allowed to incubate at 25 
o
C for 20 min. 
 
DSN Cleavage of the PtNP@ssDNA:miRNA Conjugates 
4 U of DSN were combined with 400 μL of the 
PtNP@ssDNA:miRNA solution in Taq buffer and the solution was 
vortexed for 5 s. The solution was then incubated at 42 
o
C 
for 4 h with gentle mixing at 200 rpm. Before carrying out 
electrochemical experiments, the assay solution was 
centrifuged at 16.6 G for 20 min, washed 3 times, and 
resuspended in H2O. For all ECA experiments, 10 pM 
PtNP@ssDNA:miRNA were injected into N2H4 solutions. 
 
Fluorescence Analysis 
Fluorescence experiments using TAMRA-labeled PtNP@ssDNA 
were performed using a Fluorolog3 fluorimeter (Horiba, Kyoto, 
Japan) having a 450 W Xenon arc lamp excitation source.  
Samples were excited at 546 nm and emission was recorded at 
579 nm. 
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UME Preparation 
Au UMEs having a diameter of 12.5 µm were obtained from 
CH Instruments (Austin, TX). Au UMEs were polished by wet 
sanding for 1 min and then electrochemically cleaned by 
cycling 25 times between -0.35 V and 1.35 V vs Ag/AgCl (3.4 
M KCl) in 0.5 M H2SO4 at 0.10 V s
-1
. The Au UMEs were rinsed 
with H2O and dried under a gentle stream of N2 before use.  
Au/Hg UMEs were prepared by electrodepositing Hg onto a 
Au UME according to a previous report.
107
 Following the 
electrochemical cleaning procedure detailed above, Au UMEs 
were immersed in a Hg deposition solution consisting of 0.1 
M Hg(NO3)2 acidified to pH 1.5 with HNO3. Hg was then deposited 
by applying 0 V vs SCE for 3 min. The UME was removed from 
solution under potential control, rinsed with H2O, and used 
immediately. 
 
Electrochemistry 
Chronoamperometric i-t curves were obtained in a two-
electrode cell using a Chem-Clamp voltammeter-amperometer 
(Dagan Corp., Minneapolis, MN) potentiostat coupled to a PAR 
175 Universal Function Generator (Princeton Applied Research, 
Oak Ridge, TN) to apply the voltage. The function generator 
and potentiostat were interfaced to a Dell Optiplex 380 
computer using a PCI-6251 data acquisition board and BNC-
2090A analog breakout accessory (National Instruments, 
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Austin, TX). The data were obtained using a custom LabView 
program (National Instruments). Data obtained using Au UMEs 
were obtained using a 15 ms sampling time, while for the 
Au/Hg UMEs the sampling time was 3 ms. All electrochemistry 
experiments were shielded from environmental noise by using 
a homemade Faraday cage constructed from copper plate and 
mesh. For i-t experiments, the potential was held at -50 mV 
and 0 mV vs SCE for the Au and Au/Hg UMEs, respectively. 
Unless otherwise stated, all potentials are reported vs SCE 
in sat’d KCl (CH Instruments, Austin, TX). The SCE reference 
electrode was fitted with a custom-made glass frit to prevent 
contamination of the electrolyte solution. 
 
Nanoparticle Tracking Analysis 
The colloidal stability of PtNP@ssDNA@miRNA pre- and 
post-DSN incubation was analyzed using nanoparticle tracking 
analysis (NTA, Malvern Instruments, Malvern, United Kingdom). 
NTA is a technique that uses the properties of particle 
Brownian motion and light scattering to measure the size 
distribution and concentration of colloid solutions.
109
 Due to 
the low working concentration range of the instrument (< 1 
pM), NP solutions were diluted to a final concentration of 
in the range of 0.5-1 pM.  To account for the differences in 
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these concentrations, the data are normalized to the highest 
concentration observed for each species. 
 
RESULTS AND DISCUSSION 
Synthesis and Characterzation of PtNP@ssDNA and 
PtNP@ssDNA:miRNA 
As discussed in the Experimental Section, the PtNP@ssDNA 
conjugates were prepared using a fast, pH-assisted 
conjugation procedure.
84
 To estimate the average number of 
ssDNA attached to each PtNP, we used a previously reported 
method.
42,87
 Specifically, ssDNA functionalized on the 5' end 
with a TAMRA fluorescent label (ssDNA-TAMRA) was immobilized 
on PtNPs through a thiol group on the 3' end. The close 
proximity of TAMRA to the PtNPs following DNA immobilization 
is sufficient to quench its fluorescence. Therefore, 
following modification of PtNPs with ssDNA-TAMRA, any 
residual fluorescence in solution arises primarily from free 
ssDNA-TAMRA. 
To determine the ssDNA-TAMRA coverage on PtNPs, a 
solution containing PtNP@ssDNA-TAMRA was prepared, and then 
it was centrifuged to leave only free ssDNA-TAMRA in the 
supernatant.  The fluorescence of the supernatant was then 
compared to a calibration curve (Figure 3.2) to determine its 
concentration.  Knowing the original concentrations of ssDNA-
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TAMRA and PtNPs (determined by NTA), and the concentration 
of free ssDNA-TAMRA, a rough estimate of the average number 
of ssDNA-TAMRA on each PtNP can be determined by difference. 
The result is that there are ~10
3
 ssDNA-TAMRA strands per 23 
± 3 nm PtNP. 
 
Figure 3.2: Fluorescence calibration curve for estimation 
of ssDNA coverage.  Calibration solutions of 
ssDNA-TAMRA were prepared in Taq buffer at 
concentrations ranging from 0.05 - 0.59 μM.  After 
PtNP@ssDNA-TAMRA conjugates were prepared, the 
fluorescence of the supernatant was measured, and 
linear regression was used to calculate the 
concentration of unbound ssDNA. The DNA coverage 
per PtNP was estimated to be ~10
3
 DNA per PtNP. 
It has previously been shown that aggregation of NPs is 
the most serious drawback of the ECA method.
89
 Accordingly, 
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we assessed the colloidal stability of the PtNPs and PtNP 
conjugates under reaction conditions using NTA. These results 
are shown in Figure 3.3a. The NTA diameter for nominally 
naked PtNPs in H2O is 26 ± 43 nm (black), compared to 23 ± 3 
nm by TEM (Figure 3.1a). Results obtained in Taq buffer 
indicate a size distribution of 93 ± 69 nm for naked PtNPs 
(red), indicating that the higher ionic strength of the Taq 
buffer leads to aggregation.
89
 After modification with ssDNA, 
however, the NTA size of the PtNP@ssDNA conjugates in Taq 
buffer is just 37 ± 56 nm (blue). This value is in good 
agreement with the calculated maximum size of a 23 nm PtNP 
core surrounded by a ssDNA shell (~39 nm), indicating a 
substantial reduction in NP aggregation.  
Figure 3.3b shows that solutions containing 
PtNP@ssDNA:miRNA-203 are also stable before ("pre-DSN, Taq 
buffer", black trace) and after ("post-DSN, Taq buffer’’, red 
trace) incubation with DSN for 4 h at 42 
o
C.  The NTA sizes 
under these conditions are 32 ± 36 nm and 32 ± 120 nm, 
respectively. Following incubation with DSN, the 
PtNP@ssDNA:miRNA-203 conjugates were centrifuged and then 
resuspended in DI water ("post-DSN, H2O’’, blue trace), 
yielding colloidally stable solutions (NTA size = 34 ± 76 
nm).  The important point is that the average size of the 
PtNP conjugates is around 34 nm, regardless of the solution 
into which they are immersed, and they remain stable for 
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periods of hours. However, when the PtNP@ssDNA:miRNA-203 
conjugates are suspended in 10 mM N2H4 + 50 mM PB after 
incubation with DSN (‘‘post-DSN, N2H4 + PB’’, green trace), 
which is the solution used for ECA measurements, the size 
increases slightly to 50 ± 29 nm, indicating some 
aggregation.
88
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Figure 3.3: (a) Nanoparticle tracking analysis (NTA) 
showing the normalized concentration of PtNPs as a 
function of their diameter for naked PtNPs in 
water (black), naked PtNPs in Taq buffer (red), 
and PtNP@ssDNA in Taq buffer (blue). (b) NTA 
showing the normalized concentration of 
PtNP@ssDNA:miRNA-203 as a function of their 
diameter before exposure to DSN in Taq buffer 
(black), after exposure to DSN in Taq buffer 
(red), after exposure to DSN and then resuspension 
in DI water (blue), and after exposure to DSN in 
10 mM N2H4 + 50 mM PB (green). (c) Fluorescence 
emission recorded at 579 nm for PtNP@ssDNA:miRNA-
203 assay for TAMRA-labeled PtNP@ssDNA before 
(red) and after (blue) incubation with DSN.  
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Fluorescence Detection of miRNA-203 
As previously mentioned, our DSN-based ECA assay is 
somewhat analogous to the fluorescence-based method reported 
by Fiammengo and coworkers.
101
 There are, however, three 
significant differences: (1) the present work uses PtNPs 
rather than Au; (2) the PtNPs do not have a poly(ethylene 
glycol) (PEG) layer to increase their colloidal stability (a 
PEG layer would hinder ECA detection of PtNP collisions); and 
(3) the DSN reaction was performed in Taq buffer rather than 
DSN buffer. Taq buffer was preferable in this case because 
DSN buffer (50 mM Tris-HCl, pH 8.0, plus 5 mM MgCl2, 1 mM 
DTT) rapidly induces aggregation and precipitation of the 
PtNP@ssDNA. The likely reason for this instability is the 
presence of DTT, which has been shown to undergo ligand 
exchange with thiolated DNA on metal NPs.
110
 We have, however, 
shown previously that Taq buffer, which is free of DTT, is 
an appropriate reaction buffer for ECA experiments.
42
 
A fluorescence-based assay was performed to test the 
viability of the aforementioned reaction conditions for miRNA 
detection.  Specifically, PtNPs were modified with ssDNA-
TAMRA, hybridized with 10 nM miRNA-203, and then incubated 
with DSN in Taq buffer.  The results of this study are shown 
in Figure 3.3c.  Here, the red and blue traces correspond to 
PtNP@ssDNA-TAMRA:miRNA-203 before and after incubation with 
DSN, respectively.  After incubation, the fluorescence at 579 
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nm increases by 220%.  As mentioned earlier in relationship 
to the work of the Fiammengo group,
101
 this indicates that DSN 
cleaves DNA in the presence of miRNA and under the conditions 
used in the ECA experiments described next. 
 
ECA Analysis on Au UMEs 
Figure 3.4a shows typical i-t responses obtained when 
PtNPs are used for ECA experiments on Au UMEs. The black 
trace represents a control experiment and was obtained in a 
solution containing 10 mM N2H4 and 50 mM PB.  In this case no 
PtNPs were present and no collision events (current 
transients) are observed. The red trace was obtained under 
identical conditions, but in this case 10 pM naked PtNPs were 
added to the solution. Each of the current transients here 
corresponds to a single PtNP (or most frequently an 
agglomerate of PtNPs) colliding with the electrode surface.  
These collisions produce step-shaped responses, indicative 
of NPs adsorbing to the electrode surface immediately after 
impact.
9
 The average magnitude of the current steps is 69 ± 
64 pA. This is consistent with previous findings wherein 22 
nm PtNPs yielded collision currents of 51 ± 41 pA.
42
 The blue 
trace was obtained using a solution containing 10 pM 
PtNP@ssDNA. The absence of current transients indicates that 
the ssDNA shell completely passivates the catalytic PtNP 
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surface. The green i-t trace shows that no collisions are 
observed when 10 pM PtNP@ssDNA are incubated in Taq buffer 
for 4 h at 42 
o
C in the absence of miRNA-203. This result 
indicates that the conjugate is stable in Taq buffer. 
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Figure 3.4: Au UMEs: (a) Current response before addition 
of PtNPs (black), after addition of 10.0 pM naked 
PtNPs (red), after addition of 10 pM PtNP@ssDNA 
(blue), and after addition of 10 pM PtNP@ssDNA 
that were incubated with DSN (green). (b) Current 
responses for 10 pM PtNP@ssDNA:miRNA-203 before 
(black) and after digestion by DSN (red). The 
PtNP@ssDNA:miRNA-203 conjugate was prepared using 
1.0 μM miRNA-203. Digestion was carried out in Taq 
buffer at 42 
o
C for 4 h. (c) Expanded view of a 
section of the red trace in (b). The inset shows 
an even more expanded section. 
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We now turn our attention to collisions between 
PtNP@ssDNA:miRNA-203 and Au UMEs before and after exposure 
of the NPs to DSN. The black i-t trace in Figure 3.4b shows 
the response obtained for 10 pM PtNP@ssDNA:miRNA-203 that 
have been incubated in Taq buffer for 4 h at 42 
o
C, but in 
the absence of the DSN cleavage enzyme. No collision events 
are detected, indicating that the ssDNA:miRNA-203 shell is 
stable under the incubation conditions required for DSN 
activity. The red trace was obtained after adding 10 pM 
PtNP@ssDNA:miRNA-203 to the solution, but after incubation 
with DSN. In contrast to the black trace and the control 
experiments shown in Figure 3.4a, this i-t trace exhibits a 
rapid increase in anodic current during the first ~50 s of 
the experiment followed by a slow decrease. Additionally, 
small current transients, corresponding to collision events, 
are superimposed onto this slowly varying current.   
An expanded view of the red trace in Figure 3.4b is 
presented in Figure 3.4c. Here, the step-shaped current 
transients, which have magnitudes of ~20-40 pA, are clearly 
apparent. These data confirm that hybridization of miRNA-203 
to PtNP-ssDNA, followed by exposure to DSN, removes 
sufficient ssDNA from the surface of the PtNPs to reactivate 
electrocatalytic oxidation of N2H4. The magnitude of the 
current steps in Figure 3.4c is 28 ± 4 pA, which is about 
half that of nominally naked PtNPs (69 ± 64 pA). This recovery 
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of ~50% of the original current is consistent with that 
observed previously when Exonuclease I was used to remove 
ssDNA from PtNP-ssDNA.
42
 Taken together, Figures 3.4a-3.4c 
conclusively prove that collision-induced current transients 
are only observed when all the conditions illustrated in 
Illustration 3.1 are met. 
 
ECA Analysis on Au/Hg UMEs 
It is difficult to extract quantitative data from 
results like those shown in Figure 3.4c due to the steplike 
shapes of the current transients, their close spacing, and 
the sloping background current. To address these issues, we 
followed an approach previously reported by Stevenson and co-
workers.
43
 They showed that collisions at Hg-coated Pt UMEs 
yield sharp, peak-shaped current transients that quickly 
decay to baseline. This behavior has been attributed to rapid 
deactivation and poisoning of the Pt surface by Hg. 
Accordingly, we followed a literature procedure to prepare 
Au/Hg UMEs,
107
 and then used them to detect miRNA.  
Figure 3.5a shows typical i-t traces obtained using the 
same solution conditions as in Figure 3.4 (10 mM N2H4 plus 50 
mM PB), but in this case the UME is Au/Hg.  The black trace 
are data for a control experiment in which PtNPs are absent. 
A key point here is that the background current is lower than 
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that observed using Au UMEs (compare to the black trace in 
Figure 3.4a), and the baseline current remains constant 
throughout the 300 s duration of the experiment. These 
observations are consistent with previous reports of ECA 
using Pt/Hg UMEs.
43-45
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Figure 3.5: Hg UMEs: (a) Current response prior to the 
addition of PtNPs (black) and after addition of 
10.0 pM PtNP@ssDNA:miRNA-203 after digestion with 
DSN (red).  The PtNP@ssDNA:miRNA-203 conjugate was 
prepared by incubating PtNP@ssDNA with 10.0 nM 
miRNA-203. Digestion was carried out in Taq buffer 
at 42
o
C for 4 h. (b) Expanded view of a section of 
the red trace in (a). (c) Plot of collision 
frequency as a function of the concentration of 
miRNA-203 used to prepare the PtNP@ssDNA:miRNA-203 
conjugate.  All experiments were carried out after 
digestion of the conjugate with DSN using the same 
conditions as in (a). The inset is an expanded 
view of the linear part of this plot. 
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To demonstrate detection of miRNA using an Au/Hg UME, 
10 pM PtNP@ssDNA were hybridized to miRNA using a 10 nM 
solution of miRNA-203, and then the resulting 
PtNP@ssDNA:miRNA-203 conjugate was incubated with DSN for 4 
h. The resulting NPs were used to obtain the ECA results 
shown by the red trace in Figure 3.5a. Distinct current 
transients corresponding to N2H4 oxidation are present. An 
expanded view of a portion of this i-t trace is shown in 
Figure 3.5b, and it reveals that the current transients are 
spike-shaped rather than the stepped features observed using 
Au UMEs (compare to the inset in Figure 3.4c). These spike-
shaped current transients are resolvable and their frequency 
is easily analyzed. For example, the collision frequency is 
0.043 ± 0.01 Hz for the case when PtNP@ssDNA was incubated 
with 100 nM miRNA-203.  This is a little more than half the 
collision frequency observed for naked PtNPs (0.07 ± 0.02 Hz) 
using Au/Hg UMEs. At the lowest detectable concentration of 
miRNA-203, 100 pM, the frequency drops to 0.010 ± 0.007 Hz. 
The magnitudes of the charge under the current transients for 
PtNP@ssDNA:miRNA-203 after DSN incubation is 54 ± 73 pC (for 
Hg-coated electrodes, it is customary to characterize current 
transients using the integrated charge under each peak)
43
, 
which is comparable to that observed for naked PtNPs under 
identical conditions (127 ± 140 pC). 
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Figure 3.5c is a plot of the collision frequency of 
PtNP@ssDNA:miRNA-203 (after incubation with DSN) vs the 
concentration of the miRNA-203 concentration used for 
hybridization with PtNP-ssDNA.  There are three interesting 
conclusions that can be derived from this plot. First, the 
collision frequency is a linear function of concentration 
over the range 0.10 - 10.0 nM miRNA-203 (inset of Figure 
3.5c), and the lowest detectable concentration is 100 pM.  
Second, at concentrations of miRNA-203 above 10.0 nM the 
collision frequency is independent of concentration. This may 
be because we used less-than-optimal digestion conditions for 
the PtNP@ssDNA:miRNA-203 conjugate with DSN to ensure 
colloidal stability. Specifically, digestion was carried out 
in Taq buffer at 42 
o
C rather than DSN buffer at 60 
o
C,
111
 and 
under these conditions the lower DSN activity may not be 
sufficient to cleave the higher concentration of conjugates 
present at elevated DNA:miRNA-203 concentrations. Third, the 
error bars, which represent the standard deviation from the 
mean for three independent experiments, are rather large, 
particularly at the higher concentrations. We believe this 
level of variation is intrinsic to collision measurements 
obtained over the limited time scale (typically 300 s) used 
in such experiments.  
To test the specificity of this ECA-based miRNA sensor, 
we conducted studies using miRNA-203 analogs having one and 
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five mismatched nucleotides (Figure 3.6). The single mismatch 
nucleotide was placed in the middle of the miRNA strand; 
specifically, adenine was replaced with uracil at position 
12 from the 5’ end. For this experiment, a 10.0 nM solution 
of the mismatched miRNA-203 was incubated with PtNP@ssDNA, 
followed by cleavage with DSN for 4 h at 42 
o
C. Except for 
the mismatch, these conditions are identical to those used 
to obtain the data shown in Figure 3.5.  The results (Figure 
3.6a) indicated no collision signatures in the i-t trace.  We 
also tested a five-base mismatched analog of miRNA-203 and 
found the same result (Figure 3.6b). These key control 
experiments demonstrate the high degree of specificity of 
this ECA biosensing strategy. 
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Figure 3.6: ECA results for miRNA-203 mismatch studies. The 
concentration of the mismatch strands used for 
conjugation to PtNP@ssDNA was 10 nM. The i-t 
curves were obtained at 0 mV using a Au/Hg UME in 
a solution containing 50 mM PB + 10 mM N2H4. 
Current responses for (a) one mismatch (GUG AAA 
UGU UUU GGA CCA CUA G) and (b) five mismatches 
(GUG AAA UGU AAU CCA CCA CUA G) following exposure 
of the conjugates to DSN. No collisions are 
observed. 
Detection of miRNA-21 
We confirmed the generality of this ECA detection method 
using a second target: miRNA-21, which is one of the most 
frequently over-expressed miRNAs in solid tumors including 
non-small cell lung,
112
 breast,
113
 and pancreatic cancers.
114
 
The miRNA-21 detection process was analogous to that used for 
miRNA-203: PtNPs were modified with ssDNA complementary to 
miRNA-21, the resulting conjugates were hybridized to varying 
concentrations of miRNA-21, and then the complex was exposed 
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to DSN for 4 h at 42 
o
C. The resulting ECA current transients 
obtained using Au/Hg UMEs are shown in Figure 3.7.  
 
Figure 3.7: ECA results (i-t plots) obtained using Au/Hg 
UMEs and a solution containing 50 mM PB + 10 mM 
N2H4. The electrode potential was set to 0 mV. The 
data were obtained for the PtNP@ssDNA:miRNA-21 
conjugate after digestion with DSN. The conjugate 
was prepared by incubating PtNP@ssDNA with miRNA-
21, followed by digestion in Taq buffer with 4 U 
DSN at 42 
o
C. (a) Current responses obtained for 
the PtNP@ssDNA:miRNA-21 prepared by incubation 
with 10 nM miRNA-21 followed by DSN digestion.  
(b) Plot of collision frequency as a function of 
the concentration of miRNA-21 used to prepare the 
conjugate.  The error bars represent the standard 
deviation from the mean for current transients 
obtained from three independent experiments at 
each concentration.  Note that the range of 
concentrations here is more limited than in Figure 
3.5c. 
Figure 3.7a is an example of an i-t trace for 10.0 nM 
miRNA-21 revealing discrete current transients. Figure 3.7b 
is a compilation of data derived from experiments like that 
shown in Figure 3.7a but using several different miRNA-21 
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concentrations. The results are very similar to those 
obtained for miRNA-203 in that the linear range extends from 
0.10 to 10.0 nM miRNA-21 and the lowest detectable 
concentration is 100 pM. For both miRNA sequences, the 
average number of collision events at 100 pM was ~3. The 
similarity of the frequency-vs-concentration results for 
miRNA-201 and miRNA-203 suggest that these detection levels 
are characteristic for this methodology. 
 
SUMMARY AND CONCLUSIONS 
We have reported an ECA-based approach for detection of 
miRNA. The results are for a specific application (detection 
of miRNA), but the method seems to be rather general. 
Accordingly, there are a number of key lessons learned from 
the present results, and our earlier ECA study involving DNA 
detection,
42
 that are worth summarizing. For example, as has 
been extensively reported,
88,89,115
 ECA suffers from 
uncontrollable aggregation of NPs. This unfortunate situation 
is a consequence of two factors that are mutually exclusive. 
First, collisions are only observed if the NP surface is 
accessible to the redox probe. Second, ECA requires the 
presence of buffer solutions to control pH and provide a 
conductive medium for electrochemical measurements. The 
requirements of using solutions having a significant ionic 
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strength and nominally naked metallic NPs inevitably leads 
to aggregation. In the present study, we showed that addition 
of a ssDNA shell to the NP eliminates aggregation. Catalytic 
sites on the NP surface are then rendered accessible by 
partial removal of this shell. 
The second innovation is closely related to the first. 
It is well known in analytical chemistry that "turn-on" 
sensors are preferable to "turn-off" sensors.
106,116,117
 The ECA 
approach we report is a "turn-on" method in that the collision 
signatures are initially silenced by the presence of the DNA 
shell, and only in the presence of the target are current 
transients manifest. The third key point is that in the 
particular case reported here, there is an intrinsic form of 
signal amplification. That is, each miRNA enables cleavage 
of many ssDNA oligonucleotides from the PtNP surface. 
Moreover, an individual miRNA probably has an extended 
residence time in the vicinity of a particular PtNP due to 
the high local surface concentration of ssDNA.  This 
minimizes the time required for each hybridization/cleavage 
step (Illustration 3.1). 
The fourth outcome of this study is perhaps the most 
important: this ECA method is robust, fairly simple to 
implement, and probably applicable to any biosensing method 
in which enzymes can be used to selectively cleave DNA in the 
presence of a target.  As Corn has demonstrated over a period 
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of many years,
71,72,96,99,118-120
 there is a seemingly endless number 
combinations of nucleic acids and enzymes that can be used 
to identify targets.  Many of these should be useful for ECA 
biosensing.  
The present findings set the stage for future 
biomolecule sensing applications of ECA. It may be possible, 
for example, to extend this general approach to detection of 
peptides or proteins. 
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Chapter 4: Electrocatalytic Amplification of 
Nanoparticle Collisions at Electrodes Modified with 
Polyelectrolyte Multilayer Films3 
INTRODUCTION 
We report electrochemical detection of collisions 
between individual Pt nanoparticles (PtNPs) and Au 
ultramicroelectrodes (Au UMEs) modified with passivating 
polyelectrolyte multilayer (PEM) films prepared using the 
layer-by-layer deposition method.
121,122
 The important new 
result reported here is that, in addition to naked electrode 
surfaces, these collisions can be detected through PEM films 
having thicknesses of up to ∼5.3 nm, which is well beyond 
normal electron tunneling distance. Interestingly, 
electrocatalytic reactions between negatively charged PtNPs 
and PEMs can be activated and deactivated by controlling the 
charge on the final layer of the film. Specifically, when the 
outermost layer is composed of cationic poly-l-lysine (pLL), 
current transients corresponding to collisions are observed, 
but when the charge is reversed by addition of a layer of 
poly-l-glutamic acid (pGA), current transients are 
effectively turned off. This observation of chemical control 
                                                 
3 Castañeda, A. D.; Alligrant, T. M.; Loussaert, J. A.; Crooks, R. M. 
Electrocatalytic Langmuir 2015, 31, 876-885. ADC was the primary 
author. TMA and JAL assisted with design of preliminary experiments. 
RMC was the research advisor. 
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over collisions may provide a means for developing chemical 
sensors based on ECA. 
To date, most ECA experiments have involved naked 
electrode surfaces, but chemically modified electrodes have 
also been examined. For example, Bard and co-workers
14
 
demonstrated that the amplitude of current transients arising 
from collisions is attenuated when a Au electrode is modified 
with a carboxyl-terminated n-alkylthiol self-assembled 
monolayer (SAM). Specifically, they observed a negative 
logarithmic correlation between catalytic current and the 
number of carbons in the alkyl chain. For example, a 12-
mercaptodecanoic acid-modified UME yielded current steps of 
just ∼5 pA, which can be compared to a naked Au surface where 
current transients were on the order of ∼60 pA. More recently, 
the Bard group also reported on collisions between Pt NPs and 
Pt UMEs modified with a thin, insulating film of TiO2.
18
 
The studies reported here were motivated by the work of 
the Allongue
123
 and Fermín groups.
124
 Specifically, the Fermín 
group used the LbL deposition method to prepare pinhole-free 
films containing pLL and pGA on Au electrodes.
124
 These polymer 
layers were sufficiently thick that little or no electron 
transfer was observed between the electrode and a molecular 
redox probe in solution. However, when the surface of the 
film was modified with Au NPs, facile electron transfer was 
turned on even through films as thick as 6.5 nm. They 
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interpreted this result in terms of the increased tunneling 
probability between the electrode and the high density of 
states of the adsorbed NPs (compared to that of molecules), 
as previously predicted by Allongue and co-workers.
123
 These 
results have since been confirmed by other groups using a 
variety of intervening organic materials and conductive 
NPs.
125-130
 
 In the present work, we modified 12.5 μm diameter Au 
UMEs with an 11-mercaptoundecanoic acid (MUA) SAM, followed 
by immobilization of alternating layers of pLL (positively 
charged) and pGA (negatively charged) (Illustration 4.1). 
Because the citrate capping agent on the PtNPs is 
deprotonated at pH 7, the NPs can be electrostatically 
adsorbed to films having a pLL terminating layer.
124
 
Accordingly, collisions between the PtNPs and the polymer 
layer result in transients in current-time (i-t) traces for 
the SAM-pLL- and SAM-pLL-pGA-pLL-modified UMEs. In contrast, 
no collisions resulting in significant current transients are 
observed on the SAM-pLL-pGA-modified UMEs, likely due to 
electrostatic repulsion between negatively charged groups in 
the films and the citrate capping agent on the PtNPs. The 
important point is that collisions can be switched on and off 
using chemical interactions, and we believe this will form 
the basis for chemical sensing using the ECA approach. 
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Illustration 4.1: Scheme showing ECA on PEM-modified Au 
UMEs 
 
EXPERIMENTAL 
Chemicals and Materials 
1-Mercaptoundecanoic acid (95%), pGA (MW 100 000-
150 000), l-ascorbic acid, citric acid, NaBH4, and N2H4·H2O 
were purchased from Sigma-Aldrich (St. Louis, MO). pLL (MW 
30 000-70 000) was purchased from MP Biomedicals (Santa Ana, 
CA). Sodium citrate and sodium phosphate monohydrate were 
purchased from EM Science (Billerica, MA). H2PtCl6·6H2O 
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(99.9%) was purchased from Strem Chemicals (Newburyport, MA). 
Au-coated glass slides were purchased from Evaporated Metal 
Films (Ithaca, NY). Deionized water having a resistivity of 
18.2 MΩ cm was used for all experiments (Milli-Q gradient 
water purification system, Millipore, Bedford, MA). All 
reagents were used as received. Experiments were conducted 
at room temperature (23 ± 2 
o
C). Unless otherwise stated, the 
phosphate buffer was adjusted to pH 7. 
 
Synthesis of PtNPs 
PtNPs were synthesized using a previously reported seed-
mediated procedure.
83
 Briefly, 7.76 mL of a 0.2% (w/v) 
solution of H2PtCl6 was added to 100 mL of boiling H2O. The 
solution was boiled for 1 min before addition of 2.37 mL of 
a solution containing 1% (w/v) sodium citrate and 0.05% (w/v) 
citric acid. After 30 s, 1.18 mL of a solution containing 
0.08% (w/v) NaBH4, 1% (w/v) sodium citrate, and 0.05% (w/v) 
citric acid was quickly injected. The solution was boiled for 
10 min and subsequently cooled to ∼25oC to yield 3.6 nm 
diameter Pt seed NPs. To synthesize larger NPs, 1.0 mL of the 
Pt seed solution was added to 29.0 mL of H2O at ∼25
o
C. While 
the solution was being stirred, 0.023 mL of a 0.40 M H2PtCl6 
solution and 0.50 mL of a solution containing 1% sodium 
citrate and 1.25% l-ascorbic acid were added. The temperature 
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of the solution was increased to the boiling point (100 
o
C) 
at a rate of 10 
o
C min-1. The total reaction time was 30 min. 
Next, the solution was transferred to a 35 mm dialysis sack 
(12 000 Da MWCO, Sigma-Aldrich) and submerged in 4 L of H2O 
for 24 h to remove excess salts. Lastly, the resulting NPs 
were characterized by transmission electron microscopy (TEM, 
FEI Tecnai Spirit BioTwin, 80 kV). The average particle 
diameter was 57 ± 10 nm. A representative TEM image and a 
histogram showing the NP size distribution are shown in 
Figure 4.1. 
 
 
Figure 4.1: (a) Representative TEM image of the citrate-
capped PtNPs used in this study. (b) Histogram 
showing the size distribution of the Pt NPs. The 
average size is 57 ± 10 nm. 
A ζ-potential analysis is shown in Figure 4.2. 
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Figure 4.2: Histogram showing the zeta potential of the 
PtNPs as determined by Nanosight particle tracking 
analysis (Nanosight Model NS500, Malvern 
Instruments Ltd., United Kingdom). The average 
zeta potential is -59 ± 20 mV. The measurement was 
obtained in an aqueous solution containing ~1.28 
pM PtNPs. 
Electrode Modification with MUA 
Au UMEs (12.5 μm) were polished via wet sanding for 1 
min. The UMEs were then immersed in piranha solution (1:3 30% 
H2O2/H2SO4) for 30 s and thoroughly rinsed with water. Caution! 
Piranha solution can react violently with organic compounds 
and should be handled with care. Next, electrochemical 
cleaning of the polished Au UME was performed by cycling the 
potential between −0.35 and 1.35 V versus Ag/AgCl (3.4 M KCl) 
for 25 cycles at 0.3 V s
-1
 (CH potentiostat model CH 700D, CH 
Instruments, Austin, TX). The electrodes were then rinsed 
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with water and dried with a gentle stream of N2. Lastly, the 
UMEs were immersed in a 10 mM ethanolic solution of MUA for 
48 h and then rinsed with ethanol and water. 
 
LbL Deposition of PEM Films 
The first layer of pLL was deposited on a MUA-modified 
UME by incubating the electrode in a 0.5 M NaCl solution 
containing 2 mg mL-1 of pLL for 20 min, followed by rinsing 
with water. To deposit a second layer of pGA, the UME was 
incubated in a 0.5 M NaCl solution containing 2 mg mL-1 of pGA 
for 20 min. The deposition of the two oppositely charged 
polymers was repeated until the desired number of layers was 
obtained. The terminating polymer determined the net charge 
on the surface of the LbL-modified UMEs.
121,131
 The thicknesses 
of the polymer layers were determined using spectroscopic 
ellipsometry (J.A. Woollam M2000 model, Lincoln, NE). Because 
of the small size of the electrodes, ellipsometric 
measurements were made on Au-coated glass slides. 
 
Electrochemistry 
Au UMEs having a diameter of 12.5 μm were purchased from 
CH Instruments (Austin, TX). Cyclic voltammograms (CVs) and 
i-t curves were obtained in a two-electrode cell, contained 
within a Faraday cage, and using a Chem-Clamp voltammeter-
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amperometer (Dagan Corp., Minneapolis, MN) as the 
potentiostat. The applied voltage was generated by a PAR 175 
Universal Function Generator (Princeton Applied Research, Oak 
Ridge, TN). The potentiostat and function generator were 
interfaced to a Dell Optiplex 380 computer through a PCI-6251 
data acquisition board (National Instruments, Austin, TX) 
using a BNC-2090A analog breakout accessory (National 
Instruments, Austin, TX). The voltammetric and i-t 
measurements were performed using a custom LabView program 
(National Instruments), and the sampling time was 0.015 s. 
The Faraday cage was constructed from copper plate and mesh. 
Square wave voltammetry (SWV) was performed using a CH 
Instruments Model 650c potentiostat in a 3-electrode cell 
with a Pt wire serving as the counter electrode. SWV 
parameters: frequency, 390 Hz; incremental voltage, 5 mV; 
amplitude, 50 mV; and quiet time, 2 s. All potentials reported 
in this paper are referenced to a Ag/AgCl ‘‘leakless’’ 
reference electrode (3.4 M KCl, model 66-EE009, Dionex, 
Bannockburn, IL). 
 
RESULTS AND DISCUSSION 
UME Modification 
The objective of this study is to better understand the 
nature of collisions between negatively charged PtNPs and 
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electrode surfaces modified with coatings having permanent 
positive and negative charges. The electrode modification 
process used to achieve the necessary experimental construct 
is outlined in Illustration 4.1 and described in detail in 
the Experimental Section. The insulating layer is formed by 
immersing a 12.5 μm diameter Au UME (Illustration 4.1a) in 
10 mM MUA to yield a SAM (Illustration 4.1b). The terminal 
carboxylic acid group of the MUA monolayer is deprotonated 
and negatively charged at neutral pH (MUA surface pKa, 5.7),
132
 
providing a foundation on which to deposit the first layer 
of positively charged pLL (Illustration 4.1c). Addition of a 
layer of negatively charged pGA reverses the net charge on 
the electrode surface (Illustration 4.1d), and the charge on 
the outermost layer can be reversed again by addition of a 
second pLL layer atop the pLL-pGA-modified UME (Illustration 
4.1e). 
 
SAM-Modified Au UMEs 
Figure 4.3a presents CVs recorded at a naked Au UME 
(black trace) and the same UME after modification with MUA 
(red trace) in a solution containing 10 mM N2H4 and 50 mM PB 
(pH 7.0). In the presence of N2H4, the characteristic behavior 
of the N2H4 oxidation reaction on Au is apparent (onset 
potential, ∼−0.15 V).9 After modification with MUA, however, 
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the decrease in the limiting current from ∼80 to ∼0.6 nA 
(inset, Figure 4.3a) indicates that the electrode surface is 
passivated. This decrease corresponds to a faradaic current 
suppression of ∼99%. The onset potential for the oxidation 
reaction also shifts in the positive direction by ∼200 mV, 
indicating increased resistance due to the presence of the 
SAM. Although a high level of passivation is achieved after 
deposition of MUA, the shape of the red CV remains sigmoidal 
(inset), indicating the presence of pinholes in the film.
133,134
 
The thickness of the SAM was determined to be ∼1.7 nm using 
ellipsometry on Au-coated glass slides (used as surrogates 
for the UMEs, which are too small for ellipsometric 
measurements), which corresponds well to literature 
values.
135-137
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Figure 4.3: (a) CVs showing N2H4 oxidation at naked (black) 
and MUA-modified (red) 12.5 μm Au UMEs (no PtNPs 
present). The inset shows an expanded view of the 
limiting current at the MUA-modified UME. CVs 
recorded at 50 mV s-1; 10.0 mM N2H4 in 50 mM PB (pH 
7). (b) Square wave voltammetry (SWV) 
characteristic of electrochemical removal of MUA 
from the electrode surface. SWV parameters: 0.5 M 
KOH, 390 Hz frequency, 5.0 mV step increments, and 
50 mV amplitude. (c) i-t curves obtained at +400 
mV for a MUA-modified UME recorded in a solution 
containing 10.0 mM N2H4 and 50 mM PB (pH 7) in the 
absence (black) and presence (red) of 2.5 pM 
PtNPs. 
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Square wave voltammetry (SWV) was used to estimate the 
surface coverage of the SAM (Figure 4.3b). The thiol 
desorption wave is centered at −1.2 V, which is consistent 
with previous findings.
138
 The surface coverage can be 
calculated from the peak current in Figure 4.3b using 
equation 4.1.139 
ip = 500Aαn
2FafΔEГ (4.1) 
Here, ip is the current amplitude, A the area of the 
electrode, α the transfer coefficient (α = ∼0.5, values for 
thiol desorption on Au range from 0.4 to 0.84),
140,141
 n the 
number of electrons (n = 1), F Faraday’s constant (96485 C 
mol-1), a the square wave amplitude (0.05 V), f the applied 
frequency (390 Hz), ΔE the potential scan increment (5.0 mV), 
and Γ the surface coverage. On the basis of this analysis, Γ 
= 6.1 ± 2.0 × 10-10 mol cm-2, which is consistent with previous 
reports.
142,143
 
After modification with MUA, collision experiments were 
performed in solutions containing 10 mM N2H4, 50 mM PB (pH 
7), and Pt NP concentrations of 2.5, 5.0, 7.5, 10.0, and 12.5 
pM. These experiments were carried out with the working 
electrode potential set to E = 400 mV because this value was 
determined to yield the largest current steps for the pLL and 
pLL-pGA-pLL systems discussed later. Figure 4.3c shows a 
representative i-t curve in the absence (black) and presence 
(red) of 2.5 pM Pt NPs. The current response in the absence 
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of Pt NPs remains essentially constant at around −0.1 nA. 
Addition of Pt NPs to the system yields the appearance of 
small (<10 pA), spike-shaped current transients, indicating 
that the NPs may not be residing near the electrode long 
enough to stick to the exposed surface. This is in contrast 
to the result obtained for a naked Au UME, where NPs colliding 
and adsorbing to the surface yield step-like current 
transients.
9
 The small amplitude of the transients is 
consistent with previous results obtained using an acid-
terminated SAM.
14
 Because the current transients for this 
system are very small, further analysis of their size and 
frequency were not conducted. Results similar to Figure 4.3c 
were also observed for Pt NP concentrations of 5.0, 7.5, 
10.0, and 12.5 pM, and are shown in Figure 4.4. 
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Figure 4.4: i-t traces showing current transients resulting 
from collisions between Pt NPs and MUA-modified 
UMEs. The solution contained 10.0 mM N2H4 and 50 mM 
PB (pH 7). Plots show the change in current in the 
absence (black) and presence (red) of (a) 2.5 (a), 
5 (b), 7.5 (c), 10 (d), and 12.5 (e) pM PtNPs. 
Characterization of PEM Films 
The thicknesses and permeability of PEM film layers 
depends on a number of parameters, including the molecular 
weight of the polymers, pH, deposition time, and the type and 
concentration of electrolyte used in the LbL deposition 
solutions.
144
 Although the generally accepted model for films 
formed via LbL is that the charge of the deposited 
polyelectrolyte overcompensates the charge of the previous 
layer,
121
 the Schlenoff group has recently reported that this 
charge reversal is likely asymmetrical.
145
 High salt 
concentrations have been shown to stabilize alternately 
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charged layers, resulting in thicker films;
146
 therefore, 0.50 
M NaCl was chosen for deposition of the LbL films used here. 
The growth of the LbL films on Au was monitored by 
ellipsometry up to n = 10, where n is an individual layer of 
either pLL or pGA (at n = 10, the terminating layer is pGA). 
The resulting total thicknesses are given in Figure 4.5. The 
thicknesses of the pLL, pLL-pGA, and pLL-pGA-pLL films used 
for collision studies were 0.5, 1.7, and 3.3 nm, 
respectively. These values do not include the MUA underlayer, 
which was previously found to be 1.7 nm in height. Notably, 
the thickness of each successive layer increases with n. This 
behavior is characteristic of the LbL process.
147
 The total 
thickness at n = 10 (23.3 nm) is consistent with that of a 
similar pLL-pGA system studied by Corn and co-workers.
148
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Figure 4.5: Ellipsometric thicknesses of the PEM films 
obtained using MUA-modified Au-on-glass slides. 
These thicknesses do not include MUA, which has a 
height of ~1.7 nm on Au. (a) Individual 
thicknesses of PEM films terminated in either pLL 
(black) or pGA (red). (b) Total thicknesses of the 
films with increasing n. 
PtNP Collisions at pLL-Modified Au UMEs 
Collision experiments were performed for each of the 
following three types of polymer thin films: pLL, pLL-pGA, 
and pLL-pGA-pLL. After modification via LbL deposition, each 
electrode was rinsed with H2O and used immediately. 
CVs were obtained before each experiment, and the 
average limiting current for N2H4 oxidation, determined using 
15 independently prepared pLL-modified UMEs, was −0.4 ± 0.2 
nA. UMEs yielding a limiting current higher than −0.7 nA were 
deemed too defective and not used for collision experiments. 
Figure 4.6a presents a typical CV (black trace) of a pLL-
modified UME before introduction of PtNPs. After obtaining 
the CV, a background i-t curve was collected (Figure 4.6b, 
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black trace). No current transients are observed, and the 
steady-state current is ∼−0.4 nA. After injection of 5.0 pM 
Pt NPs, however (Figure 4.6b, red trace), several large 
current steps characteristic of Pt NP collisions at naked Au 
electrodes are apparent.
9
 These step-shaped transients 
(Figure 4.6b, inset) are likely due to electrostatic 
adsorption of the negatively charged Pt NPs (zeta potential 
(ζ), −59 mV, Figure 4.2) to the positively charged pLL film. 
Recall that such large and easily discernible collision 
events were not observed for the MUA-only UMEs (Figure 4.4), 
suggesting that collisions are not occurring at defect sites 
in the pLL film (more about defects later). In addition to 
the step-shaped current transients, spike-shaped collision 
signatures are also observed for the pLL films, especially 
at concentrations of Pt NPs greater than 7.5 pM (Figure 4.7). 
These spike-shaped transients likely arise from rapid 
deactivation of the Pt NP surface, as has been previously 
shown by the Stevenson group for Hg electrodes.
43
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Figure 4.6: Electrochemical results obtained using a pLL-
modified Au UME. For all experiments, the solution 
contained 10.0 mM N2H4 and 50 mM PB (pH 7). (a) CVs 
for a pLL-modified UME before (black) and after 
(red) a 600 s collision experiment using 5.0 pM 
PtNPs. (b) i-t curves recorded at +400 mV in the 
absence (black) and presence (red) of 5.0 pM 
PtNPs. The inset shows an expanded view of a 
current transient exhibiting a step-like profile. 
(c) Histogram showing the distribution of current 
amplitudes for individual collisions. The average 
collision size is 140 ± 200 pA. (d) Plot of 
current-transient frequency (steps and peaks) as a 
function of the concentration of PtNPs. The error 
bars represent the standard deviation of current 
signals obtained from three separate experiments 
at each concentration. 
 109 
 
Figure 4.7: i-t traces showing current transients resulting 
from collisions between PtNPs and pLL-modified 
UMEs.  The solution contained 10.0mM N2H4 and 50 mM 
PB (pH 7). Plots show the change in current in the 
absence (black) and presence (red) of (a) 2.5, (b) 
5.0, (c) 7.5, (d) 10.0, and (e) 12.5 pM PtNPs. 
A histogram showing the collision current amplitudes for 
all of the pLL-modified UMEs (at all PtNP concentrations) is 
shown in Figure 4.6c. Collision sizes larger than 500 pA, 
which accounted for <5% of all events, were excluded from 
this distribution as these large sizes are likely due to 
aggregated PtNPs rather than individual particles. The 
average collision size across all of the pLL experiments 
performed is 140 ± 200 pA. Although the standard deviation 
for this average is large, it is comparable to the average 
collision size experimentally obtained at naked Au UMEs (185 
± 177 pA) for the same batch of Pt NPs. Note, however, that 
 110 
both of these values are smaller than the collision current 
of 613 pA calculated using equation 1.1, which has previously 
been shown to provide reasonable agreement with experimental 
results for collisions using ∼4 nm NPs.9 We do not know why 
the currents calculated using this equation do not agree with 
the experimental results. One possibility is that the 
majority of observed collisions originate from a small subset 
of PtNPs at the low end of the size distribution, and another 
possibility is that this empirical equation is simply not 
appropriate for the relatively large NPs (57 ± 10 nm) used 
in this study. Figure 4.6d presents collision frequencies 
over the full range of PtNP concentrations examined. As has 
been found previously using naked Au UMEs, the frequency is 
linearly related to NP concentration.
21
 
After each collision experiment, the UME was removed 
from solution, rinsed with H2O, and then reimmersed in a fresh 
solution containing 10 mM N2H4 and 50 mM PB. Figure 4.6a (red 
trace) compares a CV of a pLL-modified UME after a collision 
experiment using 5.0 pM PtNPs with the CV obtained prior to 
the collision experiments. The limiting current arising from 
N2H4 oxidation is much larger than it was before the collision 
experiment (black trace). This observation is consistent with 
previous reports that adsorption of NPs onto LbL films leads 
to an enhanced current response compared to that of the 
passivating LbL film alone.
124,126,127
 Accordingly, we conclude 
 111 
that the data in Figure 4.6a confirm that at least some of 
the colliding Pt NPs remain on the pLL surface and are active 
for electrocatalytic oxidation of N2H4. Further evidence of 
adsorbed PtNPs on the pLL film comes from the negative shift 
of the onset potential for N2H4 oxidation, from ∼0 V to ∼−0.25 
V. This is a consequence of the electrocatalytic properties 
of Pt relative to Au. Similar behavior is observed for CVs 
obtained after pLL-modified Au UMEs are immersed in a 128 pM 
PtNP solution for 20 min (Figure 4.8), which is known to 
result in electrostatic adsorption of Pt NPs.
124,125
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Figure 4.8: CVs obtained using pLL-modified Au UMEs. (a) 
before (black trace) and after (red trace) 
introduction of 5.0pM PtNPs in a solution 
containing 10 mM N2H4 and 50 mM PB (pH 7). 
Immediately after a CV of the pLL-modified UME was 
taken, PtNPs were introduced into solution, and an 
i-t curve was recorded for 600 s at +400 mV. 
Subsequently, the UME was rinsed and re-immersed 
in fresh N2H4 solution, and the red trace was 
obtained. (b) CVs obtained before (black trace) 
and after (red trace) incubation of the pLL-
modified UME in a solution containing 128 pM PtNPs 
for 20 min. Scan rate = 50 mV/s. 
Indeed, Figure 4.9 is an SEM image showing PtNPs 
adsorbed onto the surface of a pLL-modified Au UME. 
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Figure 4.9: (a) SEM image of the pLL-modified Au UME 
surface after exposure to 12.5 pM PtNPs for 10 
min. Arrows designate the adsorption of single 
PtNPs. (b) Higher magnification SEM image of the 
same electrode. The circle indicates the presence 
of NP aggregates on the film. 
To reduce the likelihood of collisions occurring at 
defect sites within the LbL films, we used relatively large 
Pt NPs (57 ± 10 nm). Nevertheless, the question of whether 
these collisions are occurring on top of the polyelectrolyte 
film or within defects is both crucial and difficult to answer 
directly. We can, however, indirectly address this question 
in two ways. First, if collisions are occurring at defect 
sites, then a correlation should exist between the limiting 
current for N2H4 oxidation measured at pLL-modified UMEs (no 
PtNPs) and the collision current amplitude.
133
 That is, larger 
defects will permit direct collisions by larger PtNPs (recall 
that because of aggregation, there is a broad distribution 
of PtNPs in these experiments, Figure 4.6c), and this will 
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in turn result in larger collision currents. Figure 4.10a is 
a histogram showing the average current due to PtNP 
collisions versus the limiting current measured in the same 
solution (10 mM N2H4 plus 50 mM PB) and the same pLL-coated 
electrode prior to introduction of the PtNPs. There is 
clearly no correlation between these parameters. For example, 
the UME with the highest limiting current (−0.7 nA), which 
should have the most defective pLL film, yields an average 
current amplitude value of ∼146 pA. However, this value is 
about half that observed at a more passivated UME (limiting 
current of −0.1 nA). 
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Figure 4.10: (a) Plot of average collision current for each 
pLL-modified Au UME versus the limiting current 
for N2H4 oxidation. The experiments were carried 
out in solutions containing 10.0 mM N2H4 and 50 mM 
PB (pH 7). The limiting current was determined 
from CVs obtained immediately after UME 
modification but prior to recording i-t curves in 
the presence of PtNPs. (b) Scatterplot of 
collision frequency versus the limiting current 
for N2H4 oxidation for each pLL-modified Au UME. 
The limiting current was determined from CVs 
obtained immediately after UME modification but 
prior to recording i-t curves in the presence of 
PtNPs. Three individual experiments are shown for 
each of five PtNP concentrations: 2.5 (black), 5.0 
(green), 7.5 (orange), 10.0 (blue), and 12.5 (red) 
pM. 
The second indirect evidence for collisions not 
occurring at defect sites within the pLL film is the 
following. A higher density of defect sites would provide 
more opportunities for direct collisions between Pt NPs and 
the naked Au surface. In other words, a positive correlation 
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should exist between the frequency of PtNP collisions and the 
limiting current because of direct oxidation of N2H4 at the 
Au surface. As shown in Figure 4.10b, no such correlation is 
observed. For example, consider the results obtained using 
5.0 pM PtNPs (green data points). In this case, the UME with 
the highest limiting current (−0.6 nA) yields the lowest 
collision frequency (0.0083 s
-1
). 
The absence of correlations between the limiting current 
resulting from N2H4 oxidation at the Au UME and the current 
amplitude and collision frequency suggests that NP collisions 
are occurring at the solution-pLL interface rather than at 
naked regions of the Au surface. 
 
PtNP Collisions at MUA-pLL-pGA-Modified Au UMEs 
On the basis of the results observed using the 
negatively charged MUA SAM surface and the positively charged 
pLL surface, we surmised that addition of a negatively 
charged pGA polymer layer would suppress the collision 
amplitude and frequency of negatively charged PtNPs. Results 
confirming this hypothesis are shown in Figure 4.11. For 
example, Figure 4.11a shows i-t traces in the absence (black) 
and presence (red) of 2.5 pM PtNPs. In contrast to i-t traces 
for the pLL system (Figure 4.7), no current transients are 
observed after addition of pGA, effectively shutting down 
 117 
electrocatalytic activity. This is likely due to 
electrostatic repulsion between the outermost pGA film and 
the negatively charged PtNPs. 
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Figure 4.11: Electrochemical results obtained using a Au 
UME coated with a pLL-pGA PEM film. (a-e) i-t 
plots obtained at +400 mV in the absence (black) 
and presence (red) of Pt NPs at the indicated 
concentrations. (f) CVs obtained before (black) 
and after (red) a 600 s collision experiment using 
a 5.0 pM Pt NP solution. Scan rate: 50 mV s-1. 
Solutions for all experiments contained 10.0 mM 
N2H4 and 50 mM PB (pH 7). 
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Similar results are obtained for 5.0 and 7.5 pM PtNP 
concentrations at pLL-pGA electrodes, as shown in Figure 
4.11b,c. After addition of PtNPs to the solution, no current 
transients arising from PtNP collisions are observed. When 
the PtNP concentration is 10 pM, one current transient is 
observed at ∼50 s. This may be due to a nonuniform 
distribution of the pGA film on top of the pLL layer. Although 
polyelectrolyte films formed by LbL deposition are generally 
thought to reverse the surface charge with each subsequent 
layer, polyelectrolytes are deposited as islands of varying 
thickness rather than as uniform layers.
146
 Small exposed 
areas of the previous pLL layer may provide enough 
electrostatic attraction to allow a small number of current 
transients at this higher concentration. At the highest 
concentration of PtNPs (12.5 pM), ∼4-5 collision events are 
observed per 600 s, but this number is much lower than that 
observed at pLL-modified UMEs (∼24 transients for the same 
PtNP concentration and the same duration experiment). 
Figure 4.11f shows CVs obtained before (black) and after 
(red) addition of 5.0 pM Pt NPs. The onset potential for N2H4 
oxidation does not shift significantly, as was demonstrated 
for the pLL system (Figure 4.6a), and there is no increase 
in current after addition of PtNPs. This is evidence that an 
insignificant number of PtNPs collide and adsorb onto the 
film during the i-t experiment. It is likely that the overall 
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negative charge of pGA electrostatically repels the PtNPs and 
hinders ECA on the Pt surface. To summarize, the addition of 
the pGA layer shuts off collisions between PtNPs and the UME. 
 
PtNP Collisions at pLL-pGA-pLL-Modified Au UMEs 
To confirm the importance of electrostatics in these 
types of collision experiments, and also to show that 
collisions can be detected through relatively thick LbL 
polymer films, we obtained i-t plots for Au UMEs modified 
with a second layer of positively charged pLL. Figure 4.12a 
shows representative i-t curves in the absence (black trace) 
and presence (red trace) of 5.0 pM PtNPs for a MUA-pLL-pGA-
pLL film. No current transients are observed in the absence 
of PtNPs. In the presence of PtNPs, however, collisions are 
observed, indicating reactivation of the UME. This 
reactivation of the electrode by addition of a second 
positively charged layer atop negatively charged pGA clearly 
points to the importance of electrostatics in these 
experiments. It also provides additional confidence that 
collisions are not occurring at pinholes in the LbL films 
because surely this thicker 3-layer film would contain fewer 
defects than the 2-layer, pGA-capped surface. Results similar 
to those shown in Figure 4.12a are provided in Figure 4.13 
for Pt NP concentrations ranging from 2.5-12.5 pM. 
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Figure 4.12: Electrochemical results obtained using a pLL-
pGA-pLL-modified Au UME. For all experiments, the 
solution contained 10.0 mM N2H4 and 50 mM PB (pH 
7). (a) i-t curves obtained at +400 mV recorded in 
the absence (black) and presence (red) of 5.0 pM 
PtNPs. (b) Histogram showing the distribution of 
current amplitudes for individual collisions. The 
average collision amplitude is 157 ± 114 pA. (c) 
Plot of the frequency of current transients (steps 
and peaks) as a function of the concentration of 
PtNPs. The error bars represent the standard 
deviation of current signals obtained from three 
separate experiments at each concentration. (d) 
CVs for a pLL-pGA-pLL-modified UME before (black) 
and after (red) a 600 s collision experiment using 
5.0 pM PtNPs. 
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Figure 4.13: i-t traces showing current transients 
resulting from collisions between PtNPs and pLL-
pGA-pLL-modified UMEs.  The solution contained 
10.0 mM N2H4 and 50 mM PB (pH 7). Plots show the 
change in current in the absence (black) and 
presence (red) of (a) 2.5, (b) 5.0, (c) 7.5, (d) 
10.0, and (e) 12.5 pM PtNPs. 
A histogram showing the distribution of collision 
amplitudes obtained using 15 independently prepared UMEs is 
shown in Figure 4.12b. The average collision size for this 
system is 157 ± 114 pA, which is similar to that obtained for 
Au UMEs modified with a single pLL layer (140 ± 200 pA). This 
means that within the context of the relatively large 
standard deviations, the collision currents are independent 
of film thickness. This observation is consistent with 
reactivation trends observed by Gooding and co-workers.
149
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Figure 4.12c shows that the frequency of collisions is 
a linear function of NP concentration for the three-layer 
polymer film. An indication that electrons are tunneling from 
the PtNP to the underlying electrode can be found in the CVs 
measured before and after collision experiments (Figure 
4.12d). As for the MUA-pLL film (Figure 4.6a), an increase 
in the limiting current and a negative shift in the onset 
potential for N2H4 oxidation are observed. An analysis of 
limiting current, average collision size, and frequency of 
collisions similar to that carried out for the pLL-modified 
UMEs (Figure 4.10) can be found in Figure 4.14. As alluded 
to earlier, the absence of a correlation between these three 
variables suggests that collisions occur on top of the PEM 
films rather than at defects penetrating through the film to 
the underlying UME surface. 
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Figure 4.14: (a) Plot of average collision size for each 
pLL-pGA-pLL-modified UME versus the limiting 
oxidative current for collision experiments 
performed in 10.0 mM N2H4 + 50 mM PB (pH 7). The 
limiting current was determined from CVs obtained 
immediately after UME modification and prior to 
recording i-t curves. There is no correlation 
between collision size and limiting current. (b) 
Scatterplot of frequency of collision events as a 
function of the limiting oxidative current of each 
pLL-pGA-pLL-modified electrode. The limiting 
current was determined from CVs obtained 
immediately after UME modification and prior to 
recording i-t curves. Three experiments at five 
concentrations of PtNPs are shown: 2.5 (black), 
5.0 (green), 7.5 (orange), 10.0 (blue), and 12.5 
(red) pM. There is no correlation between 
frequency and limiting current. 
SUMMARY AND CONCLUSIONS 
We have shown that collisions between PtNPs and PEM 
films result in easily measurable currents. There are two 
interesting conclusions that can be drawn from this study. 
First, despite the thickness of the insulating PEM films (the 
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3-layer film, including the SAM layer, has an ellipsometric 
thickness of ∼5 nm) electrons are able to tunnel from the 
PtNPs to the electrode resulting in electrocatalytic N2H4 
oxidation at the PEM film-solution interface. These single-
particle measurements are in accord with prior reports 
showing that the electrochemical activity of passive LbL 
films can be reactivated by adsorption of metallic NPs.
124,150-
158
 Second, it is possible to control the collisions by 
manipulating the net electrostatic charge present on the 
outer surface of the PEM thin film. These results, which 
demonstrate that chemistry can be used to control ECA, set 
the stage for future sensing applications. 
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Chapter 5: Conclusions and Outlook 
The results presented in this dissertation demonstrate 
the applicability of ECA collisions for biosensing 
applications, specifically oligonucleotides such as 
microRNA. One of the common goals of the chapters presented 
here has been to develop biosensing platforms for the ECA 
technique. ECA offers an attractive method of detection for 
nanoparticles, and now, biological targets, due to its 
ability to detect biological events in a discrete, real-time 
fashion. It offers ultra-low levels of detection, such as 
attomolar or lower, and high sensitivity. The ECA methods 
presented in this dissertation are robust and fairly simple 
to implement. They utilize the versatility that metallic NPs 
offer in terms of sensor labels, either by reactivating DNA-
passivated PtNPs via enzymatic cleavage (Chapters 2 and 3) 
or turning the electrochemical signal via electrostatics.  
The N2H4/PtNP system has been extensively studied, but 
this work was unique due to the introduction of enzymatic 
digestion as a means of oligonucleotide detection. Although 
N2H4 solutions have been demonstrated to be problematic for 
PtNP colloid aggregation, we showed that modification with a 
DNA shell increases colloidal stability in these solutions. 
Furthermore, this approach has the potential to be generally 
applied to other systems, such as the detection of peptides 
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or proteins. This work also demonstrated that it is possible 
to observe N2H4 collisions through tunneling electron-transfer 
of up to ~5 nm from the electrode surface, and that collisions 
can be controlled by manipulating the net electrostatic 
charge present on the outer surface of polyelectrolyte films.  
Although the N2H4/PtNP system has proven to be robust 
and reproducible for sensing applications, there are still 
problems and fundamental questions that must be addressed. 
In particular, integration of magnetic pre-concentration into 
a viable biosensor is of great interest. Nanoelectrodes, 
which generate significantly lower background current when 
compared to microelectrodes, have also been the subject of 
recent investigations. These nanoelectrodes bring the 
possibility of detecting even smaller NPs, as well as 
offering a platform for electrocatalytic studies for a single 
NP adsorbed on the surface. The use of fast scan cyclic 
voltammetry to glean information about individual NPs 
colliding in real-time has also been explored, with promising 
results of their electrocatalytic nature.  
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